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Abstract
In this thesis, we investigate the ﬂow ﬁeld in and around the major large-scale
structures in the southern Zone of Avoidance as derived from peculiar motions
of galaxies. The peculiar velocities were derived from a galaxy sample based
on the systematic deep Parkes H I Zone of Avoidance survey (HIZOA) using
a newly optimized Near InfraRed (NIR) Tully-Fisher (TF) relation. The NIR
imaging data of the HIZOA galaxies were obtained with the Infrared Survey
Facility (IRSF) on the 1.4-m telescope at the South African Astronomical
Observatory, which allows simultaneous three-colour (J, H, and Ks) imaging.
We ﬁrst calibrate the NIR Tully-Fisher relation for isophotal magnitudes,
using the same 888 calibrator galaxies that were used for the derivation of
the 2MASS TF relation for total magnitudes. The isophotal NIR TF relation
allows for a signiﬁcant improvement in the scatter of low surface brightness
galaxies, and galaxies obscured by dust. We also simulate the eﬀect of dust
extinction on the shape of galaxies and derive a correction model. We show the
ability of this model to reproduce the intrinsic axial ratio from the observed
parameters up to extinction levels of AV ∼ 11 mag.
We present new narrow-band H I 21-cm observations for 394 selected galax-
ies from the HIZOA survey with improved velocity resolution. These new ob-
servations with high resolution allow a robust measurement of ﬁve diﬀerent
types of linewidth. We used a Bayesian mixture model to derive conversion
equations between these ﬁve widths, which will be used to combine data sets
of diﬀerently-derived line-widths.
We present deep near-infrared (J, H, and Ks bands) observations of 1108
detections from the HIZOA survey. The average seeing, sky background and
the isophotal magnitude errors are 1.38 arcsec, 20.1 mag, and 0.02 mag respec-
tively, which are of suﬃcient accuracy for a Tully-Fisher analysis. Through
comparisons with 2MASS and UKIDSS images we demonstrate the reliability
of the IRSF photometry.
We use these data and the isophotal Tully-Fisher relation to measure dis-
tances and peculiar velocities for 287 galaxies, which covers the whole southern
ZOA. We derive the H I mass function to make predictions for the Malmquist
bias, thus enabling us to correct the measured distances accordingly. The
slope of the H I mass function agrees with both HIPASS Bright Galaxy Cat-
alog (BGC) and ALFALFA, whereas the characteristic H I mass aligns more
closely with ALFALFA than the HIPASS BGC.
We map the velocity ﬁeld around the major large-scale structures in the
southern ZOA, such as the Great Attractor (GA), the Local Void (LV), and the
Puppis region. In the GA region, we ﬁnd a clear infall into the GA from both
sides. Our analysis of the LV shows that the void galaxies are moving away
from the center which conﬁrms the recent results which show the draining of
the LV. We also ﬁnd outﬂow from the Puppis region.
We present comparisons between the velocity ﬁeld derived in this thesis,
the 2MASS Tully–Fisher observations (2MTF), the 2MASS Redshift Survey
(2MRS), as well as the IRAS Point Source Catalog Redshift Survey (PSCz)
reconstructions. We ﬁnd good agreement at low redshift with the 2MTF obser-
vations, better than the 2MRS and the PSCz reconstructions. At high redshift,
our results disagree with the 2MTF observations, the 2MRS, and the PSCz
reconstructions.
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Chapter 1
Introduction
1.1 Peculiar velocity fields
1.1.1 Theoretical Background
The Cosmological Principal states that matter on large scales is uniformly dis-
tributed in space. This means that the universe is homogeneous and isotropic.
However, what the observers see today are galaxies that tend to accumulate
in clustering patterns, creating the so-called cosmic web. Figure 1.1 shows the
distribution of galaxies from the 2MASS extended source catalogue (Jarrett
et al. 2000) with measured redshifts either from spectroscopic measurements
or based on the 2MASS photometric determinations.
The current theoretical models for structure formation explain this being
due to the gravitational instability of small perturbations in this uniform back-
ground, out of which over-dense regions formed and evolved with time. The
gravity of these over-dense regions causes galaxies to deviate from the Hubble
expansion. In linear perturbation theory these peculiar velocities are directly
proportional to the gravitational acceleration and can be written in an integral
form (Peebles 1980; 1993, Strauss & Willick 1995) as:
v(r) =
f
4π
∫
d3r′δ(r′)
r′ − r
|r′ − r|3 , (1.1)
where v(r) is the peculiar velocity ﬁeld, f is the growth rate of the perturba-
tions, and δ(r) is the mass density contrast. Measuring distances in velocity
1
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Figure 1.1: The distribution of 2MASS XSCz galaxy catalogue (Jarrett et al. 2000) shown in an Aitoﬀ projection. Redshifts are either
spectroscopic or photometric measurements. This image is created by Tom Jarrett.
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units (km s−1) makes this equation independent of the Hubble constant. The
latter is still a source of uncertainty. The peculiar velocities, therefore can be
used to measure the ﬂuctuation of the mass itself and probe the dark matter
distribution. Furthermore, they can be used to measure the growth rate of the
perturbations.
In the next subsections, we will review the techniques that are used to
measure peculiar velocities and will discuss results from some of the most
recent peculiar velocity surveys.
1.1.2 Techniques of Measurement
The total radial observed velocity of a galaxy is a combination of the expansion
velocity due to the Hubble expansion and the peculiar velocity induced by the
ﬂuctuations in the matter distribution. Distance indicators are the tools that
measure the distance independent of redshift. Therefore, the Hubble velocity
can be calculated and the diﬀerence between the total observed velocity and
the Hubble velocity will be the peculiar velocity.
There are two types of distance indicators: primary distance indicator such
as the Cepheid variable stars (Fernie 1969), and secondary distance indicators
such as, the Tully-Fisher (TF) relation (Tully & Fisher 1977) and the Funda-
mental Plane (FP) relation (Djorgovski & Davis 1987). As the name of each
method indicates, primary distance indicators do not require calibration from
other methods, however, secondary distance indicators require a primary cali-
bration. Although Cepheid variable stars give the most accurate measurements
of distances, they become very faint beyond ∼ 20 Mpc and other distance in-
dicators have to be used. In this subsection, we do not intend to give a review
on all distance indicators, instead we will focus only on TF and FP (for a
comprehensive review, see Jacoby et al. 1992)
In the last few decades, the secondary distance indicators TF (Tully &
Fisher 1977) for spirals and FP (Djorgovski & Davis 1987) for ellipticals have
been adopted as the workhorses for the large peculiar velocity surveys in the
nearby Universe (v ≤ 16000) km s−1. Type Ia supernovae (SNe Ia) is one of
the very promising distance indicators (Turnbull et al. 2012) in the era of the
4 Introduction 1
Large Synoptic Survey Telescope (LSST)∗. Although only ∼ 103 supernova
have been discovered in the whole history, LSST will be able to discover ∼ 107
during the ﬁrst ten years of its survey (LSST Science Collaboration et al.
2009). At the moment, only TF and FP relations have proven their ability to
measure peculiar velocities for thousands of galaxies. The main idea behind
these relations is to have a correlation between two or three parameters, where
one of them depends on distance and the other does not. Thus, the ﬁrst
application is to infer the distances from the relation, and subsequently the
peculiar velocities.
During the Great Debate, the correlation between the observed rotational
velocity and the absolute magnitude was used by Opik (1922) to prove that
Andromeda was extragalactic. Almost half a century later, Balkowski et al.
(1974) used a sample of spiral and irregular dwarf galaxies to describe the
correlation between the line-width and the luminosity without applying it as
a distance indicator. Soon after, Tully & Fisher (1977) used a sample of
inclined spiral galaxies to describe this correlation as a linear relation and
propose its use as a distance indicator. As an attempt to explain the origin of
the TF relation, Aaronson et al. (1979) calibrated the TF relation using the
near infrared H−band (1.6µm) because it is more sensitive to the old stellar
population, and therefore more consistent with the equation of the centrifugal
equilibrium than the original B−band TF.
This correlation got the attention of the cosmology community due to its
relatively low scatter, especially after the advent of the CCD detectors (0.1−0.3
mag, e.g., Pierce & Tully 1988, Willick 1990, Courteau et al. 1993, Bernstein
et al. 1994). Since then, this relation has been used widely to carry out large
peculiar velocity surveys for spiral galaxies in the nearby universe with errors
(∼ 15−20%), such as the Spiral Field and Cluster I-band TF (SFI++; Masters
et al. 2006, Springob et al. 2007), Cosmic Flows (Tully et al. 2009, Courtois
et al. 2011), and the 2MASS Tully-Fisher Survey (2MTF: Masters et al. 2008,
Hong et al. 2013; 2014, Masters et al. 2014, Springob et al. 2016).
Almost 40 years since the discovery of this relation, and the nature origin
(Silk 1997, Avila-Reese et al. 1998), the curvature at high mass end (Aaronson
et al. 1986, Neill et al. 2014), and the deviation of the dwarf galaxies from
∗https://www.lsst.org/
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the TF relation (Kraan-Korteweg et al. 1988, Zwaan et al. 1995, Pierini 1999,
van den Bosch 2000, O’Neil et al. 2000, McGaugh et al. 2000, Verheijen 2001,
Kannappan et al. 2002, McGaugh 2005, Courteau et al. 2007, Karachentsev
et al. 2016) are still being debated.
On the other hand, a correlation between luminosity and rms dispersion
velocity for elliptical galaxies (they do not rotate) was proposed by Faber &
Jackson (1976). This relation did not look as a promising distance indicator
due to its huge scatter (almost twice the TF scatter). However, Djorgovski
& Davis (1987) and Dressler et al. (1987) independently showed that adding
a third parameter to this correlation will reduce the scatter, hence improve
the relation. This Fundamental Plane (FP) relation describes the correlation
between the luminosity, velocity dispersion, and the half-light radius of an
elliptical galaxy (for a review of this early results see Kormendy & Djorgovski
1989). The relation was explained by Faber et al. (1987) through the virial
relation. However, Colless et al. (2001) found that the FP deviates from the
virial equilibrium. After the advent of integral ﬁeld spectroscopy, Cappellari
et al. (2013) gave a precise determination of the FP relation and called the
deviation from the viral relation the tilt of the FP. Although we have more TF
spiral galaxies in the nearby universe, FP surveys for elliptical galaxies tend to
probe deeper in redshift. Therefore, the FP relation was used in the peculiar
velocity surveys with errors (∼ 20 − 30%) such as, the 2dF Galaxy Redshift
Survey (2dFGRS; Colless et al. 2001), and the 6dF Galaxy Survey (6dFGS;
Magoulas et al. 2012, Campbell et al. 2014, Springob et al. 2014, Scrimgeour
et al. 2016).
In the coming subsection, we will highlight the main results from the most
recent TF and FP distances and peculiar velocities surveys.
1.1.3 Recent Studies
Given that we can not review each and every piece of work in the peculiar
velocity ﬁeld in just a few lines, instead we will give a quick review of only the
most recent results in the ﬁeld of peculiar velocity surveys.
One of the largest TF surveys available to date is the I-band (SFI++)
survey (Springob et al. 2007), which uses both cluster and ﬁeld galaxies. Be-
cause of its selection in the I-band, it is heavily aﬀected by dust extinction
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and incomplete across the Galactic plane (|b| < 15◦). The Two Micron All-Sky
Survey (2MASS; Skrutskie et al. 2006) Tully-Fisher Survey (2MTF; Masters
et al. 2008, Hong et al. 2013, Masters et al. 2014, Hong et al. 2014) provides a
complete Tully-Fisher analysis (i.e. distance and peculiar velocity) of all bright
inclined spirals in the 2MASS Redshift Survey (2MRS; Huchra et al. 2012).
Masters et al. (2008) started the survey by using 2MASX photometry (Jarrett
et al. 2000) in the J, H, and Ks bands of 888 spiral galaxies to calibrate the TF
relation. In two companion papers Hong et al. (2013) present new H I 21-cm
observations of 303 southern galaxies using the Parkes telescope, and Masters
et al. (2014) present H I 21-cm observations for 1194 northern galaxies using
the Green Bank telescope. These new H I observations and the calibrated TF
relation along with NIR data from 2MASX were used by Hong et al. (2014) to
calculate distances and peculiar velocities of 2018 inclined spirals. Hong et al.
(2014) also provided bulk ﬂow measurements which are consistent with the Λ
cold dark matter (ΛCDM) model. Springob et al. (2016) used the calculated
distances and peculiar velocities to describe the cosmography of the nearby
universe. They found that the IRAS Point Source Catalog Redshift Survey
(PSCz; Branchini et al. 1999) gave a better ﬁt to their observations than the
2MASS Redshift Survey (2MRS; Erdogˇdu et al. 2006b).
Another recent survey is the 6dF Galaxy Survey (6dFGS). Magoulas et al.
(2012) determined the FP for ∼ 104 galaxies in the 6dFGS. Campbell et al.
(2014) provide a catalogue to be used to estimate distances and peculiar ve-
locities for ∼ 9000 elliptical galaxies. Distances and peculiar velocities were
derived by Springob et al. (2014). They also described the cosmography and
compared their observations with the PSCz and 2MRS predictions. They
found that their observations indicate more positive peculiar velocities toward
the direction of the Shapley and Vela superclusters, whereas more negative
velocities toward the direction of the Pisces-Cetus Supercluster than the pre-
dicted by the models. Scrimgeour et al. (2016) used the same data to measure
the bulk ﬂow of the nearby Universe which was also consistent with ΛCDM
model.
The third survey is the COSMICFLOWS, which is a gathering of distances
and peculiar velocities measured by diﬀerent methods. Tully et al. (2008)
presents distances for a sample of 1791 galaxies, which is now know as the
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COSMICFLOWS-1. This sample is limited to cz ≤ 3000 km s−1 and derived
from four methods as follows:
1. Tully-Fisher relation distances (Tully & Pierce 2000, Karachentsev et al.
2002)
2. The Hubble Space Telescope Cepheid Key Project distances (Freedman
et al. 2001)
3. Tip of the Red Giant Branch distances (Rizzi et al. 2007)
4. The Surface Brightness Fluctuation distances (Tonry et al. 2001, Mei
et al. 2007)
Tully et al. (2013) presents the COSMICFLOWS-2 which contains 8315 galax-
ies up to 30000 km s−1. They used the same methods as in the COSMICFLOWS-
1 plus Fundamental Plane and Type Ia supernovae distances. More recently,
Tully et al. (2016) published the COSMICFLOWS-3 which contains 17669
galaxies mostly from either 3.6µm Spitzer TF relation or from the 6dFGS
survey.
1.1.4 Problems
The bulk ﬂow is the average peculiar velocity over a sphere of a given radius
R. The expected value of this measurement can be made by integrating over
the power spectral as in Strauss & Willick (1995):
< v2 >R=
f 2
2π2
∫
P (k) W˜ 2(kR) dk, (1.2)
where P (k) is the power spectral, W (R) is the window function which depends
on the survey geometry, and W˜ (kR) is its Fourier Transform. Using a Gaussian
window of radius 50 Mpc h−1, and assuming a ΛCDM model, the expected
value for each X, Y, and Z Cartesian coordinates is v ∼ 100 − 110 km s−1.
Therefore, one should expect a bulk ﬂow amplitude of
√
3 × (100 − 110) km
s−1, which is 173− 190 km s−1.
Kashlinsky et al. (2008) used the kinetic Sunyaev-Zeldovich eﬀect (Sunyaev
& Zeldovich 1972) and measured a very high bulk ﬂow amplitude of 600−1000
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km s−1 on a scale ≥ 300 Mpc h−1, which contradicts the expectation from the
ΛCDM model. At the same time, Watkins, Feldman & Hudson (2009) used
a new method, the minimal variance, to compile all major surveys (at the
time) by weighting the peculiar velocities. They also found a large bulk ﬂow
amplitude of 407± 81 km s−1 but one that arises from within a much smaller
scale of 50 Mpc h−1. Surprisingly, both studies agree on the direction of the
bulk ﬂow, which suggest that either the ΛCDM model is wrong and we need
to search for alternatives, or we live in a special place in the ΛCDM Universe.
In contrast, the same team used the same minimal variance method for
Type Ia supernovae and found a bulk ﬂow amplitude of 249 ± 76 km s−1,
which is consistent with the expectation from the ΛCDMmodel (Turnbull et al.
2012). Watkins & Feldman (2015) used the COSMICFLOWS-2 catalogue and
found consistency with the expectation from the ΛCDM model on scales of
≤ 40 Mpc h−1. They also showed that the amplitude of the bulk ﬂow increases
with the scale radius.
More recently, Hong et al. (2014) used the 2MTF survey and measured an
amplitude of the bulk ﬂow of 292±28 for a volume of 40 Mpc h−1. Scrimgeour
et al. (2016) used a much larger sample from the 6dFGS to measure a bulk
ﬂow of 248±58 for a scale of 50 Mpc h−1, which is in excellent agreement with
the ΛCDM model predictions.
One disadvantage of all the previous measurements, one that may well con-
stitute part of the explanation of these contradictions, is the exclusion of parts
of the sky, in particular the Zone of Avoidance (ZOA) (Kraan-Korteweg 2005,
Erdogˇdu et al. 2006a, Loeb & Narayan 2008). The ZOA is known to obscure
major parts of dynamically important structures such as the Perseus-Pisces
Supercluster (PPS; Einasto et al. 1980, Giovanelli & Haynes 1982, Focardi
et al. 1984, Hauschildt 1987), the Great Attractor (GA; Lynden-Bell et al.
1988, Woudt et al. 1999), the Local Void (LV; Tully & Fisher 1987, Kraan-
Korteweg et al. 2008) and the recently discovered Vela Supercluster (VSCL;
Kraan-Korteweg et al. 2017). In this thesis, we aim to complement the previ-
ously mentioned surveys such as 2MTF and COSMICFLOWS-3 and provide
distances and peculiar velocities for sources in the ZOA. This has never been
attempted before. In the coming section we will give a brief overview of the
ZOA and some of the redshift and peculiar velocity surveys that have been
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performed in the ZOA.
1.2 Zone of Avoidance
1.2.1 A historical introduction to the ZOA
Interstellar dust grains in the Milky Way absorb the light from the back-
ground galaxies (Trumpler 1930). This process is called dust extinction and
constitutes a major problem when mapping the Large-Scale Structure (LSS) of
galaxies using optical wavelengths because it leaves at least 20% of the sky un-
mapped. This process is wavelength-dependent and decreases towards longer
wavelengths. Furthermore, objects lying behind the Milky Way appear redder
than their intrinsic colour because the extinction is more prominent at shorter
wavelengths. The infrared wavelength is able to penetrate through more dust
extinction and is thus a better tracer of extragalactic emission. Cardelli, Clay-
ton & Mathis (1989) quantify the extinction in the J , H , and Ks-bands to be
21%, 13%, and 9% of the extinction in the optical B-band, respectively. There-
fore, the situation can be improved by using infrared wavelengths instead of
optical wavelengths. But not completely, because of the stellar confusion at
low Galactic latitudes, this aﬀects about 10% of the sky particularly around
the Galactic Bulge (GB) even at infrared wavelengths (Kraan-Korteweg & La-
hav 2000). In contrast, H I 21-cm observations are neither aﬀected by dust
extinction nor stellar density (Kraan-Korteweg & Lahav 2000).
1.2.2 Redshift surveys in the ZOA
Given that H I 21-cm observations are not aﬀected by dust, it has been widely
used as a tool for systematic surveys to measure the redshift for gas-rich galax-
ies in the ZOA(Fisher & Tully 1981). The innovative design of the multibeam
receivers on the Parkes, Arecibo, and Eﬀelsberg radio telescopes allows for the
ﬁrst time systematic surveys of large areas of the sky because of the increase
in the survey speed. After the installation of the multibeam receiver (MB:
Staveley-Smith et al. 1996) on the 64-m Parkes radio telescope, three blind
systematic deep H I surveys have been conducted to an rms of ∼ 6 mJy. These
three surveys together cover the most obscured parts of the ZOA visible from
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Parkes, i.e. the main southern H I Parkes Deep Zone of Avoidance Survey
(HIZOA; Staveley-Smith et al. 2016), the Northern Extension (NE; Donley
et al. 2005) and the Galactic Bulge (GB; Kraan-Korteweg et al. 2008). These
surveys show many new structures and also reveal the missing connections of
conspicuous features that cross the ZOA, such as the GA, the Puppis region
and the LV for the ﬁrst time. Based on these surveys, H I spectra for over a
thousand galaxies in the southern ZOA became available.
In the northern ZOA, the Arecibo L-band Feed Array Zone of Avoidance
(ALFAZOA) Survey is conducted on the Arecibo Radio Telescope (McIntyre
et al. 2015, Henning et al. 2017). ALFAZOA is a systematic blind survey
conducted in two phases, shallow phase with rms ∼ 5− 7 mJy and deep phase
with rms ∼ 1 mJy. The shallow phase has been completed and the deep phase
is ongoing. First results from the deep survey phase found 61 galaxies with the
expected resolution of rms ∼ 1 mJy. Another redshift survey in the northern
ZOA is a blind H I 21-cm survey for the Perseus-Pisces ﬁlament using the
Westerbork Synthesis Radio Telescope (Ramatsoku et al. 2016). This survey
resulted in 211 detected galaxies.
Surveys for other selected regions of the northern ZoA have been conducted
also with Arecibo (Henning et al. 2008; 2010). Moreover, some pointed H I
observations for samples selected from optical and infrared surveys have been
made in both southern and northern skies and contributed to our knowledge
of the structures hidden behind the Milky Way (Kraan-Korteweg et al. 1996;
2002, Schröder et al. 2009, van Driel et al. 2009, Ramatsoku 2012).
1.2.3 Peculiar velocity field in the ZOA
Redshift surveys can tell us about the large-scale structure of the Universe by
creating a 3-dimension map of the distribution of galaxies. The main limita-
tion of redshift surveys is that they can not distinguish between the smooth
Hubble velocity due to the expansion of the Universe and the peculiar velocity
component induced by the gravitational attraction. This means we can nei-
ther trace the ﬂuctuations in the matter distribution nor test the gravitational
instability paradigm using redshift surveys only.
Previous distances and peculiar velocities measurements in the ZOA were
dedicated to the Norma cluster region using FP relation for elliptical galaxies
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(Woudt et al. 2005, Mutabazi et al. 2014). These studies were very successful
in measuring the distance to the Norma cluster itself and suggest that Norma
is the core of the Great Attractor region.
Given the success of these studies and the existence of the previously men-
tioned H I redshift surveys, we decided to use the existing systematic HIZOA
survey as a basis for a TF application to determine the cosmic ﬂow ﬁeld in the
ZOA. To achieve this, we have conducted deep NIR follow-up observations of
the HIZOA galaxies in the J , H , and Ks-bands. We selected the NIR wave-
length because it is less aﬀected by dust than optical. For these observations
we used the InfraRed Survey Facility (IRSF) on the 1.4m telescope at Suther-
land, South Africa. With 10 minutes of exposure time on each galaxy in the
HIZOA catalog and the high resolution (0.′′45/pixel) of the IRSF telescope,
we obtained high quality images in the ZOA (Williams et al. 2014, Said et al.
2016). Furthermore, narrow-band H I 21-cm of selected sample of galaxies were
obtained for this project (Said et al. 2016). With these high ﬁdelity NIR and
H I data, peculiar velocity analyses have become feasible in the ZoA. In this
thesis we will use the TF relation and these high quality data to determine
distances and peculiar velocities for galaxies in the southern ZOA, hence ﬁll in
the gap that was excluded from the 2MRS and the 2MTF.
1.3 Structure of this thesis
This thesis is organized as follows: Chapter 2 presents the calibration of the
NIR Tully-Fisher relation as derived from isophotal magnitudes of 888 spiral
galaxies in J, H, and Ks bands. We also derived a correction model for the
inclination. Chapter 3 presents H I 21-cm narrow-band observations for 394
galaxies in the southern ZOA. In Chapter 4, we present deep near-infrared
images for 1108 detection in the three HIZOA catalogues. Chapter 5 presents
the derivation of distances and peculiar velocities for 287 spiral galaxies in
the southern ZOA. We also discuss the method we used to correct for the
Malmquist bias. In Chapter 5 we also derived the velocity ﬁeld from our
observations and compared the resulting ﬂows with those derived from the
2MRS and PSCz reconstruction models. We ﬁnish with the summary and an
outline of future work in Chapter 6.
12 Introduction 1
Chapter 2
On how to extend the NIR
Tully-Fisher relation to be truly
all-sky
Dust extinction and stellar confusion by the Milky Way reduce the eﬃciency
of detecting galaxies at low Galactic latitudes, creating the so-called Zone of
Avoidance. This stands as a stumbling block in charting the distribution of
galaxies and cosmic ﬂow ﬁelds, and therewith our understanding of the local
dynamics in the Universe (CMB dipole, convergence radius of bulk ﬂows). For
instance, ZoA galaxies are generally excluded from the whole-sky Tully-Fisher
Surveys (|b| ≤ 5◦) even if catalogued. We show here that by ﬁne-tuning the
near-infrared TF relation, there is no reason not to extend peculiar velocity
surveys deeper into the ZoA. Accurate axial ratios (b/a) are crucial to both the
TF sample selection and the resulting TF distances. We simulate the eﬀect of
dust extinction on the geometrical properties of galaxies. As expected, galaxies
appear rounder with increasing obscuration level, even aﬀecting existing TF
samples. We derive correction models and demonstrate that we can reliably
reproduce the intrinsic axial ratio from the observed value up to extinction
level of about AJ ≃ 3 mag (AV ∼ 11 mag), we also recover a fair fraction
of galaxies that otherwise would fall out of an uncorrected inclination limited
galaxy sample. We present a re-calibration of the 2MTF relation in the NIR
J , H , and Ks-bands for isophotal rather than total magnitudes, using their
same calibration sample. Both TF relations exhibit similar scatter at high
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Galactic latitudes. However, the isophotal TF relation results in a signiﬁcant
improvement in the scatter for galaxies in the ZoA, and low surface brightness
galaxies in general, because isophotal apertures are more robust in the face of
signiﬁcant stellar confusion.
2.1 Introduction
In order to have a reliable TF survey, the ﬁrst step is to construct a global-
unbiased TF template relation. As a secondary distance indicator, the TF
template relation should be obtained from a sample of galaxies with known
distances. This TF relation can then be used as the calibrated relation between
the absolute magnitude and rotational velocity. Raw data and corrections used
in the measurement of TF distances and peculiar velocities should be consistent
with that used in the derivation of the TF relation.
In the last few decades, many TF template relations have been derived
using either diﬀerent samples or methodology. Shortly after the inception
of the TF relation, Aaronson et al. (1979) calibrated the TF relation in the
NIR H (1.6µm) for spiral galaxies in clusters. The NIR suﬀers less from
dust extinction and is more sensitive to stellar mass. They found that in the
infrared the scatter is lower than that in the B-band and the slope is much
steeper. Based on Cepheid distances to 21 galaxies, Sakai et al. (2000) derived
the TF relation in the B, V , R, I, and H-bands. These relations were used
to derive a value of H0. At the same time, Tully & Pierce (2000), Rothberg
et al. (2000) performed a calibration of the B, R, I, and K relations. To
avoid the Malmquist bias, they used the inverse method to ﬁt the TF relation
(Kraan-Korteweg, Cameron & Tammann 1988).
Bouché & Schneider (2000) used 2MASS J , H , and Ks-bands to derive
TF relations in the ZoA. They used ﬁve diﬀerent types of magnitudes from
2MASX (Jarrett et al. 2000). They conclude that the scatter was lowest for
the isophotal Ks-ﬁducial 20 mag/arcsec2 TF relation. Macri (2001) derived
R, I, H , and Ks-band TF relations based on Cepheid distances. He used
both total and isophotal magnitudes with the 20% HI-line-width (the width
measured at 20% of the peak ﬂux). His results indicate that isophotal H ,
Ks magnitudes and total I magnitudes relations yield comparable distances.
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These relations have a scatter of ∼ 0.m2. These two previous studies prove that
isophotal magnitude works equally well in and out of the ZoA.
Masters et al. (2006) followed the same procedure described by Giovanelli
et al. (1997) but with a larger sample to derive a new I-band TF relation. Their
sample consists of 807 galaxies in the vicinity of 31 clusters and groups. This
template relation has been used by Springob et al. (2007) to derive peculiar
velocities of galaxies in the SFI++ catalog, which contains 4861 ﬁeld and
cluster spiral galaxies. Later, Masters et al. (2008) used similar procedures
with a slightly larger sample to derive the absolute calibration of the J , H ,
and Ks-bands relations. These relations are the ﬁrst step towards the 2MTF.
Recently, two independent groups have extended the TF to mid-infrared
wavelengths. Sorce et al. (2013) use Spitzer (3.6µm) photometry for 213 cluster
galaxies to derive the TF relation. Lagattuta et al. (2013) use the mid-infrared
(3.4µm) W1-band of the Wide-ﬁeld Infrared Survey Explorer (WISE) satel-
lite with a larger sample of 568 ﬁeld and cluster galaxies drawn from the 2MTF
catalog to derive the TF relation. While Sorce et al. (2013) adopted the inverse
ﬁtting scheme, Lagattuta et al. (2013) used a bivariate scheme, where errors
in both x and y are taken into consideration. More recently, Neill et al. (2014)
use a quadratic form, by adding a curvature term, to ﬁt WISE W1 and W2
TF relations.
In this chapter we present a variation on the NIR TF relation that is
speciﬁcally designed to be deployed in the ZoA and is applicable to the rest of
the sky. We discuss all biases aﬀecting TF surveys in the ZoA in Section 2.2.
In Section 2.3 we present a re-calibration of the TF relations in the NIR J , H ,
and Ks bands using isophotal magnitudes. In the concluding Section 2.4 we
summarize our results and discuss their implications for TF surveys.
2.2 Biases in the NIR TF due to extinction
2.2.1 Total magnitude
Undoubtedly, total magnitudes give the best estimate of a galaxy’s total lu-
minosity, and hence, total stellar mass of the galaxy. However, it is diﬃcult
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to determine reliable total magnitudes for (a) low surface brightness galaxies
for which these values can be severely underestimated (Jarrett et al. 2003), or
(b) galaxies close to or in the ZoA. Due to the foreground dust extinction and
high stellar density in the ZoA, the fainter outer parts of a galaxy are usually
not recovered in the extrapolation of the surface brightness proﬁles to yield
total magnitudes (Riad, Kraan-Korteweg & Woudt 2010). This is particularly
severe in the relatively shallow 2MASS as discussed in details by Andreon
(2002) and Kirby et al. (2008). Therefore, the advantage of using isophotal
magnitudes over total is twofold.
To quantitatively determine the loss in total magnitudes for ZoA galaxies
in 2MASX, we compare the magnitudes of the shallow 2MASX survey with
a deeper and more spatially resolved ZoA survey. This is based on a deep
NIR imaging conducted with the Japanese InfraRed Survey Facility (IRSF)
mounted on a 1.4 m telescope situated at the South African Astronomical
Observatory (SAAO) site in Sutherland, South Africa. Our comparison sample
consists of 66 galaxies, observed in both 2MASX (Jarrett et al. 2000) and the
IRSF Catalog (Williams et al. 2011; Williams et al. 2014; Said et al. in prep.).
The latter is approximately 2 magnitudes deeper in theKs-band, because of its
longer exposure time (10 min) compared to 2MASX (8 seconds) and the higher
resolution of 0.′′45/pix compared to the 2MASX resolution of 2′′/pix. We use
the “total” extrapolated magnitudes measured by extrapolation of the double
Sersic function and ﬁducial “isophotal” magnitudes measured in an elliptical
aperture deﬁned at the Ks = 20 mag arcsec−2 to construct a comparison
between 2MASX and IRSF. The metric used to calculate the oﬀset between
2MASX and ZoA-IRSF magnitudes is
∆m = m(2MASS)−m(IRSF). (2.1)
Figure 2.1 shows the oﬀsets between the 2MASS and IRSF for both total
(left panel) and isophotal (right panel) magnitudes in the J , H , and Ks-bands
(top to bottom). Each dot presents galaxy colour coded by dust extinction. It
clearly shows that the mean oﬀsets (red line) between 2MASX and IRSF for
the “isophotal” magnitudes are insigniﬁcant while, the oﬀsets are signiﬁcant for
the total magnitude, where the 2MASS estimates are systematically too faint
compared to the deeper IRSF. High oﬀsets will produce systematic errors in the
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Table 2.1: Comparison between 2MASX and IRSF magnitudes using the total
extrapolated magnitudes and ﬁducial isophotal magnitudes measured in an
elliptical aperture deﬁned at the Ks = 20 mag arcsec−2
Band Total Isophotal
∆m σ ∆m σ
J 0.228 0.363 −0.020 0.155
H 0.252 0.293 −0.039 0.139
Ks 0.263 0.308 −0.033 0.159
measurement of peculiar velocities. The mean oﬀsets for each band is printed
in the bottom left corner of each plot. The mean oﬀsets in total magnitudes
for J , H , and Ks bands are 0.23, 0.25, and 0.26 mag respectively. These oﬀsets
are large enough to create an artiﬁcial ﬂow of about 200 - 600 km s−1 in the
velocity range of 2000 - 6000 km s−1 if the galaxies are located in a similar
patch on the sky. The scatter in the oﬀsets of the “isophotal” magnitudes is
far smaller than that in the “total” magnitudes; it is reduced by more than a
factor of two. Table 2.1 summarizes the mean oﬀsets and the scatter values
for each band.
This positive oﬀset in total magnitude is due to the improved sensitivity
and higher resolution (0.′′45/pix) of the IRSF/SIRIUS data, which allows mea-
surement of the surface brightness proﬁle further along the disk compared to
2MASS thus capture more of the host galaxy light. Although minimal, there
is a small oﬀset between the 2MASX isophotal magnitudes compared to the
IRSF. They are about 0.02 - 0.03 mag brighter rather than fainter. This can
be explained by the lower resolution of 2MASS (2′′/pix), which does not always
resolve stars superimposed on the galaxy resulting in a systematic brightening
of the source.
Because of these two eﬀects, the loss of low surface brightness ﬂux in
2MASX total magnitudes and extinction which exacerbates this eﬀect, it seems
prudent to use isophotal magnitudes, despite the fact that total magnitudes
are better tracers than isophotal magnitudes. To test for any systematic bias,
we compare the diﬀerence in total and isophotal ﬂux. Figure 2.2 presents the
aperture correction, J20−Jext, of the same 66 galaxies used in Fig. 2.1. Figure
2.2 shows that 2MASS isophotal magnitude J20 underestimates the total ﬂux
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Figure 2.1: Comparison of 2MASX photometry with the ∼2 mag deeper and
more resolved IRSF photometry of ZoA galaxies. Each dot presents galaxy
colour coded by dust extinction. The left panels display the total magnitudes
and the right panels display the isophotal magnitudes with J , H , and Ks-
band arranged from top to bottom. In all panels, solid red lines mark the
mean oﬀset, and the dashed black lines represent the zero-line. The mean
oﬀset is given in the bottom left corner of each plot.
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Figure 2.2: 2MASS aperture correction, J20−Jext, of 66 galaxies observed both
in 2MASX and IRSF. The mean aperture correction is 0.21 mag.
by < J20 − Jext > = 0.21 mag; in contrast, Fig. 2.1, left panel, shows that
2MASS total magnitude underestimates the total ﬂux of 64% of the sample
by < Jext(2MASS)−Jext(IRSF) > = 0.47 mag and overestimates 36% by 0.19
mag. Thus, any bias introduced by using isophotal magnitude is much smaller
than the oﬀsets introduced by using total magnitude in the ZoA.
To summarize, when working with 2MASS data for low surface brightness
galaxies or galaxies aﬀected by dust, “isophotal” magnitudes should preferen-
tially be used over “total” magnitudes and most certainly for any TF derived
distances. For this reason we derive in Section 3, a calibration of the NIR
isophotal TF relation. The method and galaxy sample are exactly the same as
these used by Masters et al. (2008) to derive their NIR TF for total magnitude.
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2.2.2 Inclination
Spiral galaxies consist of a disk plus a bulge. The disk is almost ﬂat and con-
tains large amounts of dust and young stars, while the bulge is rounder and
tends to be dust-poor with older generations. The eﬀect of dust within the
galaxy on the derived photometric parameters has been investigated by several
authors (e.g., Han 1992, Giovanelli et al. 1994, Masters et al. 2003, Tuﬀs et al.
2004, Driver et al. 2007, Masters et al. 2010, Pastrav et al. 2013a;b). In this
section we analyze another type of dust-induced change, namely, the change
in the shape of the spiral galaxies due to the foreground dust in the Milky Way.
The eﬀect of foreground dust extinction on the isophotal radius and magni-
tude of galaxies (elliptical as well as spirals) has been investigated for optical
imaging by Cameron (1990) and more recently and extensively in the NIR
J , H , and Ks bands by Riad et al. (2010). These studies were restricted to
analyze the eﬀect of dust on the magnitude and large diameter but not the
minor axis, and therefore not the change in the apparent shape (axial ratio)
of a galaxy which can vary considerably depending on bulge to disk ratio and
intrinsic inclination.
Wherever dust obscuration occurs, such an eﬀect should be accounted for.
The ﬁrst reason is the dependence of the TF parameters on inclination. The
second reason is to avoid a systematic bias in the sample selections which
generally are constrained by inclination uncorrected for absorption eﬀects.
Inclination-dependent parameters in the TF relation
In the TF relation two parameters depend on the inclination of a spiral galaxy.
The ﬁrst one is the HI spectrum. To derive the maximum rotational velocity
the observed line-width needs to be corrected to edge-on orientation. Accord-
ing to Springob et al. (2007) this is:
W = [
w50 −∆s
1 + z
−∆t] 1
sin i
(2.2)
where ∆s and ∆t are the instrumental and turbulence corrections, respectively.
The inclination i is derived from the 2MASS J-band ellipticity ǫJ = 1− (b/a)J
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via:
cos2 i =
(1− ǫ)2 − q20
1− q20
(2.3)
(e.g., Giovanelli et al. 1997) where q0 is the intrinsic axial ratio of the galaxy
(q0 = 0.13 for Sbc and Sc, and q0 = 0.2 for other types). The second set of
dependency is with the NIR magnitudes, where we use the equation adopted
by a number of authors (e.g., Giovanelli et al. 1994, Tully et al. 1998, Masters
et al. 2003) to correct for the internal extinction. Inaccurate inclinations of
spiral galaxies will create a systematic bias in both corrected line-width and
absolute magnitude, and therefore in the derived peculiar velocities.
Systematic selection effect
To minimize the corrections in the line-width, most TF surveys apply a cer-
tain lower inclination limit on the axial ratio. The 2MTF project uses only
galaxies with b/a < 0.5 (Masters et al. 2008, Hong et al. 2013, Masters et al.
2014), while in Said et al. (2014) we extend that limit to include galaxies with
b/a < 0.7. Inaccurate inclinations will not only increase the uncertainty but
can be systematic in that galaxies that appear rounder or more inclined will
be excluded or included. This eﬀect is dependent on the dust column density
along the line-of-sight to the galaxies and as we show, is important for ZoA
galaxies. It should therefore be explored how the foreground dust changes the
apparent axial ratio. We quantify the eﬀect of the foreground extinction on
the number of galaxies in the TF sample through a statistical analysis based
on simulated galaxies. The advantage of using artiﬁcial galaxies is twofold:
ﬁrstly it measures the eﬀect on the same galaxy with and without foreground
dust; secondly we can test any correction model by applying it to the obscured
galaxies and compare their axial ratio to their original intrinsic axial ratio.
The IRAF artdata tasks gallist and mkobject were used in this simulation.
We created a sample of over 2000 artiﬁcial spiral galaxies with axial ratios
b/a ≤ 0.5 to be our primary TF sample. Four other samples have been gener-
ated with the same properties except for the magnitude zero point equivalent
to adding a dust layer with increasing column density levels which we track
accordingly.
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Figure 2.3 shows the distribution of axes ratios of galaxies with diﬀerent
levels of dust extinction. Note the overall shift of the histograms to the right.
The analysis conﬁrms and quantiﬁes our suspicion that galaxies appear rounder
with increasing obscuration, which will aﬀect the linewidth and internal ex-
tinction correction. Moreover, due to the axial ratio limit of the TF sample,
the number of galaxies with b/a ≤ 0.5 decreases signiﬁcantly with increasing
obscuration level. At dust extinction AJ of 1, 2, and 3 mag, the total num-
ber of galaxies in the TF sample decreases by 18%, 24%, and 31% respectively.
Figure 2.3 clearly demonstrates how signiﬁcant this eﬀect can decrease the
number of galaxies used in the TF analysis, and therefore bias the survey
sample. Future TF surveys based on HI surveys like WALLABY will exclude
thousands of galaxies due to the axial ratio limit if this eﬀect is ignored, and
this will bias cosmic ﬂow derivations as a function of foreground extinction.
To further study this eﬀect, a sample of galaxies drawn from the 2MASS
Large Galaxy Atlas (LGA) (Jarrett et al. 2003) is used to quantify this eﬀect
and test whether a correction model can be applied.
Quantitative analysis
In this section we use a sample of 54 spiral galaxies extracted from the 2MASS
LGA. This sample of galaxies is selected to cover a wide range in galaxy size,
brightness, morphological types and axial ratios. The sample contains both
barred and unbarred galaxies. The galaxies have been artiﬁcially dimmed,
similar to Cameron (1990) and Riad et al. (2010) but for the full 2-dimensional
imaging data. We measured the surface brightness proﬁle for both the major
and minor axis by using the axial ratio as a free parameter.
We now demonstrate the method for the case of NGC1515 (Sbc). It has
an intrinsic axial ratio of b/a = 0.34 in the J-band. In Fig. 2.4, the surface
brightness is plotted against the major axis in the top panel and the minor
axis in the bottom panel. The projection of the intercept between the solid
line and the light proﬁle on the x-axis gives the intrinsic major axis a◦ (top
panel) and minor axis b◦ (bottom panel). We vary the simulation limits from
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Figure 2.3: The axial ratio distribution of simulated galaxies at diﬀerent levels
of dust extinction. The histograms shift to the right, i.e. galaxies become less
inclined, and the number of galaxies with b/a ≤ 0.5 decreases with increasing
obscuration level. At dust extinction AJ of 1, 2, and 3 mag, the TF sample
relative loss is 18%, 24%, and 31% respectively.
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AJ = 0.0 to AJ = 3.0 mag. The inward displacements represented by the
dotted lines in Fig. 2.4 show the simulated extinction levels AJ in mag. For
each level of extinction the major and minor axes have been measured from
the intercept of the dotted line and the light proﬁle. We then calculate the
ratios of intrinsic versus absorbed axes ratio as a function of extinction.
f(a) = a◦/a, (2.4a)
f(b) = b◦/b, (2.4b)
where a◦, a, b◦, and b are the intrinsic and absorbed major and minor axes. The
functions f(a) and f(b) are plotted for diﬀerent values of simulated extinction
AJ (top and middle panels) in Fig. 2.5. The bottom panel shows the ratio
of f(b)/f(a) against AJ , which clearly demonstrates that the axial ratio (b/a)
increases with dust extinction (i.e. galaxies become increasingly rounder with
increasing extinction). Using the formalism of Cameron (1990)
f(R) = 10c(Aλ)
d
(2.5)
where c and d are derived from the data points in Fig. 2.5.
The galaxy NGC1515, with an intrinsic axial ratio of b/a = 0.34 in the
J-band would appear to have b/a = 0.48 if seen through 1 mag of extinction,
respectively b/a = 0.62 if seen through 2 mag of extinction. Deep in the ZoA
where the extinction level would be very high, this edge-on galaxy would have
been excluded from a typical TF survey analysis.
This procedure was followed for all 54 galaxies in our selected LGA sample
and the change in parameters were used to construct an inclination correction
model.
We will now investigate the correlations between the change in the axial
ratio and the properties of the galaxies, such as, inclination or Hubble type and
construct a correction model for inclination. The central surface brightness µc
and the half-light eﬀective mean surface brightness µe are used as indicator of
morphological type (see Fig. 18 in Jarrett et al. 2003).
Following the recipe given by Riad et al. (2010) we include the central
surface brightness µc in the J , H , and Ks-bands to optimize the correction
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Figure 2.4: Surface brightness proﬁle of NGC1515 (SAB(s)bc). The top panel
shows the light proﬁle against the major axis a. The bottom panel shows
the light proﬁle against the minor axis b. Note the diﬀerent scales for major
(top) and minor (bottom) axis. The dotted lines show diﬀerent levels of dust
extinction.
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Figure 2.5: NGC1515 galaxy major axis correction due to the foreground ex-
tinction f(a) in the top panel, the minor axis correction due to the foreground
extinction f(b) in the middle panel, and the axial ratio correction due to the
foreground extinction f(b)/f(a) in the bottom panel. The dashed lines in all
panels show the ﬁt to the data.
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Table 2.2: The ﬁtting parameters of the inclination correction based on the
central surface brightness µc
J H Ks
Param. b/a ≤ 0.4 b/a > 0.4 b/a ≤ 0.4 b/a > 0.4 b/a ≤ 0.4 b/a > 0.4
c0 −0.0165 −0.0049 −0.0221 −0.0109 −0.0328 −0.0254
c1 0.1314 0.1624 0.1161 0.1239 0.1079 0.0762
d0 3.4042 5.0117 13.0965 0.9383 1.1714 1.2599
d1 −0.0510 −0.0742 −0.1387 0.0263 −0.0026 0.0125
Table 2.3: The ﬁtting parameters of the inclination correction based on the
eﬀective surface brightness µe
J H Ks
Param. b/a ≤ 0.4 b/a > 0.4 b/a ≤ 0.4 b/a > 0.4 b/a ≤ 0.4 b/a > 0.4
c0 −0.0044 −0.0004 −0.0061 −0.0056 −0.0100 −0.0537
c1 0.1889 0.2756 0.1754 0.1433 0.1641 0.0220
d0 9.4482 3.2485 101.65 0.1574 8.5084 1.9440
d1 −0.1012 −0.0394 −0.2394 0.1241 −0.1186 −0.0144
model. The correction equations become
f(R, µc) = 10
c(µc)(Aλ)
d(µc)
, (2.6)
where
c(µc) = c0 exp(µc × c1), (2.7)
d(µc) = d0 exp(µc × d1). (2.8)
The values of c0, c1, d0, and d1 in the J , H , and Ks-bands are the ﬁtting
parameters. The mean value for each parameter derived from all galaxies is
given in Table 2.2.
The same method was applied using the half-light eﬀective mean surface
brightness µe. Table 2.3 give the mean value for each parameter.
Applying the correction model
To test whether our model reproduces the intrinsic axial ratio from the ab-
sorbed value, we compare the corrected values with the intrinsic values (see
Fig. 2.6). We applied the correction based on µe (Eq. 2.6 and Table 2.3). Fig-
ure 2.6 presents the axial ratio distribution of simulated galaxies at diﬀerent
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Figure 2.6: The axial ratio distribution of simulated galaxies at diﬀerent levels
of dust extinction after inclination correction. At dust extinction AJ of 1,
2,and 3 mag, the TF sample relative loss is 15%, 19%, and 20% respectively.
It may be compared with the uncorrected results in Fig. 2.3
dust extinction level after applying the correction model. At dust extinction
AJ of 1, 2, and 3 mag, the TF sample relative loss, after the correction, is 15%,
19%, and 20% respectively.
The eﬀect of the correction model on the shape of the galaxy is hardly
noteable in regions of low extinctions. At extinction level of AJ ≃ 1, we can
recover only 4% of the TF sample relative loss (see, Figs. 2.3 & 2.6). In
regions of higher extinction the improvement in parameters, particularly for
the large galaxies seems to be signiﬁcant. We can recover up to 18% and 59%
at extinction level of AJ ≃ 2, and AJ ≃ 3 mag respectively. In conclusion,
applying the correction model is not crucial at high latitudes, nevertheless, it
is essential when working in the ZoA where the eﬀect of dust extinction can
be severe on the selection of the TF sample.
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2.3 NIR isophotal TF relation
In this section we reiterate the advantages of NIR isophotal magnitude when
applying the TF relations. The isophotal magnitude, speciﬁcally the 20 mag
arcsec−2 ﬁducial measurement, is the primary brightness metric for 2MASX
(Jarrett et al. 2003). It is uniformly measured across the sky for all galaxies.
Total magnitudes are also measured, however they are known to be less reli-
able and prone to systematic underestimates, notably for low surface brightness
galaxies and for confused environments (ZoA). Because of this, many authors
prefer using 2MASX isophotal magnitudes instead of total magnitudes to avoid
the large uncertainties in the required aperture correction (Bouché & Schnei-
der 2000, Macri 2001, Karachentsev et al. 2002). For example, Macri (2001)
used both total and isophotal magnitude to derive TF relations. The slope
of his isophotal magnitude relations in H , and Ks is shallower than the total
magnitude relation. He tested these isophotal relations against the I-band
total magnitude and concludes that both isophotal H and Ks relations and I
band total relation provide distance estimates with similar precision. Another
TF study by Bouché & Schneider (2000) tests a variety of magnitudes pro-
vided by 2MASX and found that the scatter was lowest for the isophotal Ks
magnitude. These studies agree with our ﬁndings in Section 2 that there are
clear advantages of working with isophotal magnitudes over total magnitudes
and that using isophotal TF relation in and out of the ZoA does not introduce
any potential bias in the derived distance and peculiar velocity.
2.3.1 The TF sample
Two observational parameters describe the TF relation. The distance-independent
rotation width is obtained from spectral data, and the imaging data provide
all photometric quantities of interest. Diﬀerent authors prefer diﬀerent quan-
tities, such as, the 20% line-width versus the 50% line-width, and isophotal
versus total magnitudes. A variety of methods have been used over the years
to derive w50 (Koribalski et al. 2004, Springob et al. 2005, Hong et al. 2013).
These diﬀerent algorithms can have a serious eﬀect on the accuracy of the
value of w50 if the S/N of the spectra are low. Consequently, TF samples only
include galaxies with high S/N spectra, so that the noise will not aﬀect the
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width measurement and the diﬀerence between diﬀerent algorithms becomes
negligible.
The calibration sample of galaxies is the same as that used in Masters
et al. (2008)∗. Their rotation-widths were obtained from either the Cornell
HI digital archive (Springob et al. 2005) or optical rotation curves (Catinella
et al. 2005). The photometric quantities of the calibration sample are a mix
of J , H , and Ks-bands quantities from 2MASX and I-band quantities from
Masters et al. (2006). We cross-matched the Masters et al. (2008) calibration
sample with the 2MASX catalog and extracted the “isophotal” magnitudes for
all of them.
Rotation widths
The rotation widths are drawn completely from the Masters et al. (2008) cal-
ibration sample which is available online†, see Springob et al. 2005 for details.
Photometry
All photometric quantities are derived from the 2MASX catalog. Their prop-
erties are described online in Cutri et al. (2006)‡. The photometric quantities
of the TF calibration are:
1. Isophotal magnitude: We use the J , H , and Ks-bands ﬁducial isophotal
magnitudes measured at 20.0 mag arcsec−2 in Ks band, which is roughly equal
to the 1 σ background noise level (Jarrett et al. 2003).
2. J-band axial ratio: The J-band axial ratio (a/b)J ﬁt to the 3 σ isophote
is used (the isophote corresponds to a surface brightness ∼ 3 times the back-
ground noise).
3. Central surface brightness µc: The central surface brightness µc in the J ,
H , and Ks-bands obtained from the 2MASS XSC. This parameter is necessary
for the derivation of the Galactic extinction corrections.
∗We thank Karen Masters for making that available to use
†http://www.icg.port.ac.uk/∼mastersk/TFdata.html
‡http://www.ipac.caltech.edu/2mass/releases/allsky/doc/
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4. The colour reddening E(B − V ): Galactic extinction AJ , AH , and AKs
are approximated by the colour reddening E(B − V ) from the DIRBE dust
map (Schlegel et al. 1998). Dust extinction of the calibration sample are very
low and the diﬀerence between Schlegel et al. (1998) values and its updated
values from Schlaﬂy & Finkbeiner (2011) have no eﬀect on our calibration.
However for high extinction regions we use the Schlaﬂy & Finkbeiner (2011)
values of 0.87 times Schlegel et al. (1998) values which is in excellent agreement
with the independent derived correction in the ZoA by Schröder et al. (2007)
and more recently by Williams et al. (2014).
2.3.2 Photometric corrections
To construct a global TF relation, the photometric quantities from the 2MASX
must be corrected for the cosmological redshift, internal extinction, and Galac-
tic extinction. The corrected absolute magnitude, derived from the observed
apparent magnitude is calculated as follows§:
Mcorr − 5 log h = mobs − AX − IX − kX − 5 log vCMB − 15, (2.9)
where AX , IX , and kX are a correction for foreground extinction due to the
dust in the Milky Way, a correction for extinction internal to the galaxy itself,
and a cosmological k-correction respectively. Because these three corrections
are wavelength-dependent, the index X refers to the wavelength band. For
the k-correction we used the same procedure used by Masters et al. (2008). In
the next two subsections we describe the methods used to correct for internal
and Galactic extinction as we deviate slightly from the Masters et al. (2008)
procedure.
Internal extinction
Dust extinction internal to galaxies themselves is a challenging quantity to
estimate. Since the early work of Holmberg (1958) it has been widely assumed
that spiral galaxies are mostly transparent. Later studies suggest that spiral
§The sign error in the application of the internal extinction and k-corrections to magni-
tudes used in Masters et al. (2008) and corrected in Masters et al. (2014) has been accounted
for.
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galaxies are optically thick (Valentijn 1990). Again, this study received some
criticism (e.g. Burstein et al. 1991). The best study to date (Holwerda et al.
2009), uses occulting galaxy pairs to show that dust distributions vary, creat-
ing both optically thin and thick regions.
This problem has been investigated by several authors from diﬀerent as-
pects. Most correction models for the internal extinction have been constructed
as a function of inclination. In the TF relation, inclined galaxies are preferen-
tially used, but the magnitudes of inclined galaxies are more aﬀected by dust.
In our analysis we adopt the empirical relation of internal extinction described
in Giovanelli et al. (1994), Tully et al. (1998), Masters et al. (2003), which is
dependent on axial ratio and waveband, as follows:
Iλ = γ log(a/b). (2.10)
The J-band axial ratio (b/a)J is the best tracer of the inclination, as it suﬀers
less than the H , and Ks -bands from the eﬀect of the bulge population. The
axial ratio needs to be corrected for seeing, which is parameterized as
(a/b)corr = (a/b)obs(1− 0.02x+ 0.21x2 − 0.01x3), (2.11)
where x = FWHM(a/b
r20
), and FWHM = 2.′′5 (the full-width half-maximum of
the seeing disc). Masters et al. (2003) provide diﬀerent values of γ in J , H ,
and Ks-bands from diﬀerent statistical tests based on total magnitudes. We
deviate slightly in our approach because applying correction for total magni-
tudes will results in an over-correction in isophotal magnitudes. To investigate
the internal extinction in J , and H bands, we use the calibration sample, 888
galaxies, to test the colour gradients (measured at 20.0 mag arcsec−2 in Ks
band) with inclination. We assume that the internal extinction in the Ks-band
isophotal magnitude is negligible (i.e., γKs = 0); the eﬀect of internal extinc-
tion is indeed very small in Ks band even in total magnitudes (Tully et al.
1998, Masters et al. 2003). Figure 2.7 shows how NIR colours, J20 −Ks20 and
H20 −Ks20, change with inclination.
In this Fig. we used the calibration sample, 888 galaxies, binned in incli-
nation groups. The slopes of Eq. 2.10 are:
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Figure 2.7: NIR colour, J20−Ks20 and H20−Ks20, dependence on inclination of
the calibration sample (888 galaxies) binned in inclination groups. The slopes
of Eq. 2.10 are 0.21 for J20 −Ks20 and 0.08 for H20 −Ks20. We assume that
the Ks-band isophotal magnitude is internal extinction free (i.e., γKs = 0)
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γJ20−Ks20 = γJ20 − γKs20
= γJ20
= 0.21± 0.03, (2.12a)
γH20−Ks20 = γH20 − γKs20
= γH20
= 0.08± 0.02. (2.12b)
These values of γ mean that the eﬀect of internal extinction is very small
in the isophotal magnitudes compared to total magnitudes because most of
the dust are in the disk.
Galactic foreground extinction
Galaxies appear smaller and fainter due to the dust extinction in the Milky
Way. Therefore a correction to the isophotal magnitude is needed to account
for the loss of light due to this dimming. Riad, Kraan-Korteweg & Woudt
(2010) present two methods to apply the isophotal correction: (i) the average
correction method which is a very direct application, and (ii) the more opti-
mized correction method which is more accurate than the average correction
but requires a ﬁt to the light proﬁle of the galaxy to determine either the disc
central surface brightness, µ0, or the combined disc plus bulge central surface
brightness, µc. The optimized correction was used here, because the central
surface brightness is available in the 2MASX. The central surface brightness
is deﬁned as the magnitude of the mean ﬂux within a radius ≤ 5 arcsec.
2.3.3 Bias corrections
Many TF samples, including the one we use here, contain a broad range of
spiral types. A single relation may not be appropriate for all spiral types
as expressed already by Tully & Fisher themselves. Masters et al. (2008)
found type dependences with their sample, and our analysis of this eﬀect based
on the “isophotal” magnitude yields similar trends. The earlier types have a
shallower slope than later types. We correct to an Sc type (less bulge, more
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disk component) relation. In the J-band we use
∆MSa = 0.27− 2.46(logW − 2.5), (2.13a)
∆MSb = 0.15− 1.14(logW − 2.5). (2.13b)
In the H-band we use
∆MSa = 0.22− 2.81(logW − 2.5), (2.14a)
∆MSb = 0.15− 1.16(logW − 2.5). (2.14b)
In the Ks-band we use
∆MSa = 0.11− 3.51(logW − 2.5), (2.15a)
∆MSb = 0.13− 1.44(logW − 2.5). (2.15b)
These values are derived using the isophotal photometry for each sample be-
fore any bias corrections.
Due to the broad range in surface brightness and colour of the galaxy
sample, further bias corrections including Incompleteness bias, Cluster size
bias and Cluster peculiar velocity have to be applied. We used the values
derived by Masters et al. (2008) to correct for these biases. Any diﬀerence in
the correction would be incredibly small and much lower than any of the other
corrections.
2.3.4 Calibration and scatter
Diﬀerent ﬁtting procedures have been used to derive the ﬁnal parameters of the
TF relation. The inverse TF was suggested by Kraan-Korteweg et al. (1986) to
overcome the Malmquist bias. Giovanelli et al. (1997) used the minimization
of χ2 method to determine the direct, inverse, and bivariate forms of the linear
TF relation. In Pizagno et al. (2007), the maximum likelihood method was
used to estimate the slope a, intercept b, and intrinsic scatter ǫint of the TF
relation. Here we are interested in the bivariate ﬁt case, where errors in both
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Table 2.4: Parameters of bivariate ﬁt after all corrections derived from both
isophotal (this work) and total magnitude (Masters et al. 2014).
Band This work Masters et al. (2014)
aiso biso ǫa ǫb atot btot ǫa ǫb
J-band −20.951 −9.261 0.018 0.114 −21.370 −10.61 0.018 0.12
H-band −21.682 −9.288 0.018 0.115 −21.951 −10.65 0.017 0.11
Ks-band −21.861 −10.369 0.018 0.120 −22.188 −10.74 0.015 0.10
x and y are taken into consideration. We therefore use the linear form:
y(x) = abi + bbix, (2.16)
via minimization of χ2
χ2 =
N∑
i=1
[
yi − y(xi; abi, bbi)
ǫi
]2. (2.17)
The error used in the computation is deﬁned as ǫi = [(ǫx,ibbi)2 + ǫ2y,i + ǫ
2
int +
covxy]1/2, where covxy represents the covariance between the errors in x and y
which is not signiﬁcant in our case.
After applying all of the above detailed bias corrections, and applying the
bivariate ﬁtting mechanism to the Masters et al. (2008) 888 calibrator galaxies,
our ﬁnal isophotal TF relations have the form:
MJ − 5 log h = −20.951− 9.261(logW − 2.5), (2.18a)
MH − 5 log h = −21.682− 9.288(logW − 2.5), (2.18b)
MKs − 5 log h = −21.861− 10.369(logW − 2.5). (2.18c)
Table 2.4 presents the ﬁtted parameters derived from both isophotal mag-
nitude (this work) and total magnitude from Masters et al. (2014). Figure 2.8
shows the ﬁnal isophotal TF relations for the J , H , and Ks-band from top to
bottom.
The slope for the isophotal TF relations in J and H bands are shallower
than the total TF but similar in the Ks band. This can be explained by Fig.
2.9, which shows the diﬀerence between isophotal and total TF relation as a
function of line-width and inclination.
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Figure 2.8: Isophotal TF relation for the (a) J-band, (b) H-band, and (c)
Ks-band. The solid line shows the respective bivariate ﬁt to the data.
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Figure 2.9: Total versus isophotal magnitude for the template galaxies as a
function of line-width. Galaxies are colour coded by its inclination.
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Each dot in Fig. 2.9 presents a galaxy from the TF calibration sample
colour-coded by its inclination. The Ks band has the tightest scatter in Fig.
2.9. This is not a surprising result given that the aperture correction in the
Ks band is lowest compared to the J and H bands (see also Fig. 7 in Jarrett
et al. 2003). The deviation increases toward small and less inclined galaxies
whose surface brightness proﬁles are not well determined. This further sup-
ports the preference of using isophotal magnitudes as the total magnitude for
those galaxies become unreliable.
Figure 2.8 also reveals an increasing scatter in the TF relation with de-
creasing rotation width. Using the relation used in Giovanelli et al. (1997) to
parameterize the scatter
σ = a+ b(logW − 2.5), (2.19)
the total scatter is calculated, and displayed in Fig. 2.10 for the J , H , and
Ks-bands as a function of the line-width.
The error on the isophotal magnitude (least source of error), as well as
the error on the rotation width multiplied by the slope of the TF relation
(expressed in magnitudes) are also displayed in Fig. 2.10. A linear ﬁt to the
intrinsic scatter gives
ǫint,J = 0.46− 0.90(logW − 2.5), (2.20a)
ǫint,H = 0.47− 0.94(logW − 2.5), (2.20b)
ǫint,Ks = 0.46− 0.83(logW − 2.5). (2.20c)
The intrinsic scatter, in magnitude units, is a crucial parameter to under-
stand the errors on both distances and peculiar velocities derived from the TF
relation. The intrinsic scatter in both the “isophotal” and “total” methods are
nearly identical, because the calibration sample of galaxies is hardly aﬀected
by foreground dust of the Milky Way.
Comparing equations 2.20 with Masters et al. (2008) results shows that
the intrinsic scatter is smaller in the total magnitude relation for the larger
galaxies (logW > 2.5), while for smaller galaxies (logW < 2.5) the “isophotal”
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magnitude relation shows less scatter.
2.4 Summary
We study the eﬀect of foreground dust and source confusion on galaxy pho-
tometry in the context of employing the TF method in the Zone of Avoidance.
Two diﬀerent methods using independent samples of galaxies were used to
quantify this eﬀect. Both methods conﬁrm and quantify that galaxies appear
rounder with increasing obscuration level leading to a substantial loss of galax-
ies in inclination-constrained TF samples deep in the ZoA. Correction models
are proposed based on 54 spiral galaxies from the 2MASS LGA with diﬀer-
ent morphological types and intrinsic axial ratios. These correction models
have been tested and show its applicability to reproduce the intrinsic axial
ratio from the observed value for large galaxies up to extinction level of about
AJ ≃ 3 mag, and recover a fair fraction of galaxies that otherwise would fall
out of an uncorrected inclination limited galaxy sample.
We present the recalibration of the Tully-Fisher relation for isophotal mag-
nitudes in the NIR J , H , andKs-bands. This calibration sample of 888 galaxies
is the same as the one used for the 2MTF project for total magnitudes. No
signiﬁcant change in the isophotal TF relation scatter was found in comparison
to the scatter in the total TF relation because the calibration sample is mini-
mally aﬀected by the dust of the Milky Way. However, this does not hold for
low surface brightness galaxies or galaxies obscured by dust where isophotal
magnitudes are more robust.
The isophotal NIR TF relation has been applied in a pilot project by Said
et al. (2014) to a preliminary sample of HI detected galaxies in the ZoA which
had deep NIR photometry (Williams et al. 2014) and found to be quite promis-
ing. Considerable improvement of the scatter and the systematic oﬀset of the
derived peculiar velocities in the ZoA is achieved when the isophotal TF rela-
tion is applied in comparison to the traditional total magnitude method. The
oﬀsets of about 0.2 - 0.3 mag which may create an artiﬁcial ﬂow of about 200
- 600 km s−1 in the velocity range of 2000 - 6000 km s−1, have been reduced to
about 0.02 - 0.03 mag in J , H , and Ks bands. Combining our data with that
from 2MTF will provide more complete all-sky peculiar velocity survey. Using
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Figure 2.10: Scatter in the (a)J-band, (b)H-band, and (c)Ks-band. The circles
present the total scatter averaged within bins in velocity width. The linear ﬁt
to the total scatter is shown as a solid line and the dashed line shows the linear
ﬁt to the intrinsic scatter. The dotted lines present the error on the isophotal
magnitude and the error on the rotation width multiplied by the slope
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the isophotal TF relation and accounting for the eﬀect of extinction on inclina-
tion will lead to an improved TF analyses at lower latitudes. It will allow the
extension of cosmic ﬂow derivations deeper into the ZoA compared to current
surveys and, moreover, improve on the results for galaxies with |b| ≤ 5◦ that
are already aﬀected by dust, or any other regions of high extinction in the
sky.
Chapter 3
21 cm H I-line spectra of southern
ZOA galaxies
High-accuracy H I proﬁles and linewidths are presented for inclined ((b/a)o <
0.5) spiral galaxies in the southern Zone of Avoidance (ZOA). These galaxies
deﬁne a sample for use in the determinations of peculiar velocities using the
near-infrared Tully-Fisher (TF) relation. The sample is based on the 394
H I-selected galaxies from the Parkes H I Zone of Avoidance survey (HIZOA).
Follow-up narrow-band Parkes H I observations were obtained in 2010 and 2015
for 290 galaxies, while for the further 104 galaxies, suﬃciently high signal-to-
noise spectra were available from the original HIZOA data. All 394 spectra are
reduced and parameterized in the same systematic way. Five diﬀerent types
of linewidth measurements were derived, and a Bayesian mixture model was
used to derive conversion equations between these ﬁve widths. Of the selected
and measure galaxies, 342 have adequate signal-to-noise (S/N ≥ 5) for use in
TF distance estimation. The average value of the signal-to-noise ratio of the
sample is 14.7. We present the H I parameters for these galaxies. The sample
will allow a more accurate determination of the ﬂow ﬁeld in the southern ZOA
which bisects dynamically important large-scale structures such as Puppis, the
Great Attractor, and the Local Void.
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3.1 Introduction
This chapter is the ﬁrst in a series of papers presenting data obtained in a
systematic way for future applications of the TF relation in the ZOA. It fo-
cuses on the ﬁrst approach, where we start out with an H I-selected sample.
It is based on the systematic HIZOA surveys pursued with the Parkes tele-
scope, speciﬁcally designed to unveil the large-scale structures of galaxies in
the nearby Universe across the most obscured part of the mostly southern ZOA
(Staveley-Smith et al. 2016), i.e. in areas were most other surveys fail. The
integration time of the HIZOA surveys are a factor of ﬁve longer compared
to the H I Parkes All-Sky Survey (HIPASS) (Meyer et al. 2004). These H I-
selected galaxies are not biased with respect to the Galactic foreground dust
layer, as shown in Staveley-Smith et al. (2016).
Three blind systematic deep H I ZOA surveys were conducted with the
Multibeam Receiver on the 64-m Parkes Radio Telescope, i.e. the main south-
ern H I Parkes Deep Zone of Avoidance Survey (HIZOA-S; Staveley-Smith et
al., 2016), the Northern Extension (HIZOA-N) (Donley et al. 2005) and the
Galactic Bulge (GB) (Kraan-Korteweg et al. 2008). These three surveys show
many new structures and also reveal the missing connections in the conspicu-
ous features that cross the ZOA, such as the GA, the Puppis region and the
LV for the ﬁrst time. This highlights the importance of the ZOA in the un-
derstanding of the cosmic web. Based on these surveys, H I spectra for over a
thousand galaxies in the southern ZOA are now available.
Accordingly, follow-up pointing deep NIR observations for all galaxies in
the three HIZOA surveys were conducted between 2006 and 2013 with the
Japanese InfraRed Survey Facility (IRSF), a 1.4 m telescope situated at the
South African Astronomical Observatory site in Sutherland. Data from 2006
to 2010 were published in Williams et al. (2014). In the next chapter, we will
present high-quality NIR J , H , and Ks-band observations for the completed
HIZOA surveys, and discuss completeness and reliability of the NIR catalog for
application in a TF-survey. The NIR data has already been used extensively for
the sample selection for the present TF analysis with regard to unambiguous
counterpart identiﬁcation, availability of high accuracy photometry, and the
required inclination limits.
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The determination of the H I parameters also required further attention.
We need highly resolved H I-line proﬁles, with high signal-to-noise and ho-
mogeneous analysis. 104 spectra in the ZOA TF sample already meet our
requirements (S/N > 5, very well resolved H I proﬁle). Based on the newly-
derived NIR imaging, an additional 290 needed to be re-observed to obtain
higher resolution HI proﬁles. This was achieved by conducting 21-cm narrow-
band follow-up observations with the Multibeam Receiver on the 64-m Parkes
Radio Telescope.
In this chapter we present the newly obtained 21 cm H I line spectra. We
discuss the observations and data reduction procedures in Section 3.2. In
Section 3.3 we describe the algorithm with which we derive the H I parameters
and associated errors, both for the new observations and the re-measurements
of the HIZOA linewidths, the ﬁnal compilation, the characteristics of the data
set and comparison with the published H I data. We summarize our results in
Section 3.4.
3.2 Observations and Data Reduction
3.2.1 Sample Selection
HIZOA is a blind H I survey of the southern ZOA (|b| < 5◦; Dec < +15◦),
conducted with the 64-m Parkes Radio Telescope∗ in three parts: (1) the
main part (HIZOA-S) covers |b| < 5◦; 212◦ ≤ l ≤ 36◦ (Staveley-Smith et al.,
2015), (2) the Northern Extension (HIZOA-N) covers the northern regions
visible from Parkes (|b| < 5◦; 36◦ < l < 52◦ and 196◦ < l < 212◦; Donley
et al. 2005), and (3) the Galactic Bulge (GB) extension, which goes to higher
latitudes around the GB region (5◦ < |b| < 10◦; 332◦ < l < 36◦ and 10◦ <
b < 15◦; 348◦ < l < 20◦; Kraan-Korteweg et al. 2008). These surveys cover
the most obscured southern ZOA visible from Parkes out to 12000 km/s, and
result in more than a thousand detected galaxies with an rms ∼ 6 mJy/beam.
Our H I sample selection is based on a cross-identiﬁcation of the HIZOA
galaxies with the high-quality NIR IRSF images. We select only galaxies with
secure counterparts and good photometry (error in isophotal magnitude less
∗The Parkes telescope is part of the Australia Telescope National Facility which is funded
by the Commonwealth of Australia for operation as a National Facility managed by CSIRO.
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Figure 3.1: The distribution of the 394 inclined spiral galaxies in the TF sample with accurate NIR photometry shown in a zoomed-in
Aitoﬀ projection: High Quality (HQ) narrow-band observations of 238 galaxies and 104 additional HIZOA galaxies with HQ H I proﬁles
are shown as circles colour coded by their velocity cz; Low Quality (LQ) narrow-band observations of the 52 galaxies discarded from the
TF are shown as black crosses. The boundaries of the three HIZOA survey areas are plotted in blue (HIZOA-S), green (HIZOA-N) and
red (GB). Note the wall-like structure of the Norma super-cluster at 290◦ < l < 340◦ and cz ∼ 4800 km s−1.
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than 0.1 mag at the highest extinction level). After applying additional re-
strictions on inclination, we use galaxies with b/a < 0.7 (see also, Fig. 6 in
Said et al. 2015). All the selected HIZOA proﬁles were visually inspected.
Galaxies with good proﬁles were excluded from the re-observation list. Only
galaxies with proﬁles of insuﬃcient S/N ratio for TF work were included in
the narrow-band observing list. The ﬁnal list for re-observations contains 290
galaxies. An additional 104 H I proﬁles from the three HIZOA surveys were
deemed suﬃciently reliable for TF analysis and measured directly from data
in the HIZOA archive.
3.2.2 Data Acquisition and Reduction
Data were collected in 2010 and 2015 using the 21 cm Multibeam receiver (MB;
Staveley-Smith et al. 1996) on the 64-m Parkes Radio Telescope in narrow-
band mode, using only the high-eﬃciency 7 inner beams. Beam-switching
mode allows one beam ON the source and the other six OFF source, which
reduces the noise by a factor of 2. Each target was observed for at least 35
minutes of ON-source integration time, with the 8 MHz bandwidth split into
1024 channels. This results in a velocity resolution of 1.6 km s−1.
Preliminary processing of the data was done in the real time. Each galaxy
was observed for at least 35 minutes to get improved sensitivity over the origi-
nal HIZOA data. To avoid L3 beacon of the Global Positioning System (GPS),
the integration time for sources near cz= 8300 km s−1 was reduced to 2 × 17.5
minutes. Based on an assessment of the preliminary 35 minutes integration
results, some galaxies were observed for another 17.5 or 35 minutes. We used
the package LIVEDATA† (Barnes et al. 2001) to correct for the bandpass
and Doppler eﬀects. Estimation of the bandpass is done by using the MEAN
estimator. All spectra were converted to the Solar System barycentre. The
corrected-spectra were gridded with GRIDZILLA‡ (Barnes et al. 2001).
†This software is available in the ATNF package of AIPS++
‡This software is available in the ATNF package of AIPS++
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3.3 H I Results
As mentioned above, the aim of this chapter is to provide H I parameters mea-
sured in a uniform way from high signal-to-noise (S/N) ratio and High Quality
(HQ) proﬁles to be used in the forthcoming NIR TF analysis of galaxies in the
ZOA. The required S/N threshold of depends on the shape of the H I proﬁle,
but S/N ≃ 5 appears to be minimum requirement for our algorithm (Donley
et al. 2015). In this section we describe how we obtain the H I parameters
required for the 394 galaxies selected for the TF ZOA relation.
Figure 3.1 shows the distribution of all 394 galaxies in the sample. The
newly-observed HQ narrow-band observations of 238 galaxies and additional
104 HQ HIZOA proﬁles derived directly from the HIZOA surveys are shown as
circles colour-coded by their velocity cz. For 52 of the re-observed galaxies, the
resulting proﬁle or signal to noise ratios was not deemed of suﬃcient quality for
the ZOA TF analysis. These 52 (LQ) narrow-band observations are shown as
black crosses. In this ﬁgure, the wall-like structure of the Norma super-cluster
seems to dominate the distribution at 290◦ < l < 340◦ and cz ∼ 4800 km s−1
(Kraan-Korteweg et al. 1996, Woudt et al. 1999; 2008, Mutabazi et al. 2014).
See also the wedge plot (Fig. 18) in Staveley-Smith et al. (2015).
Figure 3.2 presents a quantitative comparison between the three HIZOA
surveys and the TF sample presented here. The distribution of both the HI-
ZOA sources and TF sample are shown as a function of Galactic longitude in
Fig. 3.2. It shows that the TF sample is representative of the distribution of
the parent HIZOA sample. The two histogram peaks around 240◦ < l < 270◦
and 300◦ < l < 330◦ in the HIZOA distribution are due to the Puppis and GA
regions respectively. Both are well represented in the TF sample. The drop in
both histograms towards the center of the Milky Way is due to existence of the
LV. This drop is more prominent in the TF sample than the HIZOA survey
because of the dependence of the TF sample on HQ NIR observations (Said
et al. in prep.). In the Galactic Bulge region, not only is the stellar density
high but the region is also dominated by the LV, and the sample contains a
relatively larger proportion of smallish blueish dwarfs (Kraan-Korteweg et al.
2008).
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Figure 3.2: The distribution of both HIZOA (N+S+GB) and the NIR TF ZOA
sample as a function of Galactic longitude. The ﬁnal TF sample is representa-
tive of the three input HIZOA surveys. The two peaks around 240◦ < l < 270◦
and 300◦ < l < 330◦ are due to Puppis and GA respectively. The drop in both
histograms around the center of the Milky Way is due to existence of the LV.
This drop is more prominent in the TF sample because of the dependence on
accurate NIR photometry.
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3.3.1 H I Parametrization
The total flux and errors
We follow Staveley-Smith L. et al. (2015) in measuring the total ﬂux of the
H I using the functionMBSPECT within theMIRIAD package (Sault et al.
1995). After applying three-channel Hanning smoothing, which results in a
velocity resolution of 3.3 km s−1 for our spectra, a low-order polynomial was
ﬁtted and subtracted from this spectrum. The integrated line ﬂux was then
measured from this smoothed and baseline-subtracted proﬁle by integrating
across the channels containing the emission line. The error was calculated
using the formula given in Koribalski et al. (2004):
σ(FHI) = 4(SN)
−1(SpeakFHIδv)
1/2 (3.1)
where (SN) is the ratio of the peak ﬂux density, Speak, and its uncertainty, and
δv = 3.3 and 27 km s−1 are the velocity resolution of narrow-band and HIZOA
observations respectively, after applying three-channel Hanning smoothing.
Systemic velocities and velocity widths
For the determination of the TF distances and peculiar velocities, the most im-
portant parameters from the H I proﬁle are the systemic velocity and linewidth.
The measurement of the H I linewidth and its associated uncertainty has re-
ceived a lot of attention in the last few decades. Giovanelli et al. (1997) found
the error in the H I linewidth to be the dominant source for the scatter in the
TF relation. However, Tully & Pierce (2000) state that this does not hold if
the error is less than 20 km s−1. Subsequently, diﬀerent algorithms have been
introduced to measure the linewidth with high precision. Some authors adopt
WF50, the linewidth at 50% of the peak ﬂux-rms (fp−rms) measured with a
polynomial ﬁt to both sides of the proﬁle, to be their ﬁrst preference (Haynes
et al. 1999, Springob et al. 2005). Courtois et al. (2009), on the other hand,
compared the W20, the linewidth at 20% of the peak ﬂux of a single peak,
as used in the early work (Tully & Fisher 1977, Pierce & Tully 1988) with
the diﬀerent linewidths from Springob et al. (2005) for an optimized choice of
linewidth. They found a better correlation ofW20 with WM50, the linewidth at
50% of the mean ﬂux, than withWF50. They therefore developed an algorithm
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to measure the Wm50 based on the mean ﬂux instead of the peak level. This
linewidth measurement, Wm50, has been used to update the Pre-Digital H I
catalog of the Extragalactic Distance Database (Courtois et al. 2011, Courtois
& Tully 2015).
In this chapter, we measure the systemic velocities and velocity widths
using a modiﬁed version of the GBTIDL§ function to ﬁnd the Area, Width,
and Velocity of a galaxy proﬁle (AWV)¶ (see also, Hong et al. 2013, Masters
et al. 2014). This allows us to measure the linewidth values using ﬁve diﬀerent
methods:
1. WP20: the linewidth at 20% of the peak ﬂux−rms,
2. WM50: the linewidth at 50% of the mean ﬂux,
3. WP50: the linewidth at 50% of the peak ﬂux−rms,
4. WF50: the linewidth at 50% of the peak ﬂux−rms, measured with a poly-
nomial ﬁt to both sides of the proﬁle,
5. W2P50, the linewidth at 50% of the peak ﬂux−rms measured at each of
the two peaks.
The errors for the systemic velocities and velocity widths were calculated
by conducting a set of simulations for each proﬁle (see also, Donley et al. 2005,
Hong et al. 2013). This was achieved in three steps:
Step 1: The Savitzky-Golay smoothing ﬁlter (Press et al. 1992) was used to
smooth each galaxy proﬁle. A smoothing width of seventeen velocity channels
was used for the new narrow-band observations, while eight velocity channels
were used for HIZOA proﬁles (e.g., Donley et al. 2005, Hong et al. 2013).
§GBTIDL is an interactive package for reduction and analysis of spectral line data taken
with the Robert C. Byrd Green Bank Telescope (GBT) using IDL
¶This code adapted from code in use at Arecibo. This version was originally from Karen
O’Neil and modified by adding WF50 option by Karen L. Masters
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Step 2: Fifty simulated galaxy proﬁles were created for each galaxy by
applying Poisson noise to the smoothed proﬁle. The rms of the Poisson noise
was adjusted to the rms of the original galaxy proﬁle.
Step 3: A modiﬁed version of theGBTIDL functionAWV was used again
to measure all the parameters using the simulated spectra. The median oﬀset
between the 50 simulated spectra and the original spectrum was adopted as
the error.
For 17 galaxies, theGBTIDL functionAWV failed to determine theWF50
from the simulated spectra. For these galaxies, we used the formula proposed
by Masters et al. (2014):
ǫWF50 =
√
(rms/al)2 + (rms/ar)2 (3.2)
where al and ar are the slopes of the ﬁt on the left and right edge of the proﬁle.
This error was converted to the Monte Carlo simulation error using
ǫMC = 0.815 + 0.405ǫWF50 (3.3)
also proposed by Masters et al. (2014).
Figure 3.3 shows two examples of H I proﬁles in our sample measured with
ﬁve diﬀerent linewidth ﬁtting algorithms. The proﬁle on the left presents one
of the newly observed galaxies with the narrow-band. The right proﬁle is based
on the HIZOA data but re-processed with the same method for the narrow-
band observations. Figure 3.3 reveals good agreement within the uncertainty
of WP20, and WM50 and also between WF50 and W2P50.
To expand on this statement, we plot in Fig. 3.4 the ﬁve linewidth mea-
surements against each other and determine their respective correlations. The
strongest correlation was found between WP20 and WM50 which conﬁrms the
results of Courtois et al. (2009). We also found good agreement between WF50
andW2P50. In contrast, a signiﬁcant oﬀset was found between WM50 andWF50
which also agrees with what was found by Courtois et al. (2009).
To quantify the correlations between the ﬁve linewidth measurements, we
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Figure 3.3: Two examples of H I proﬁles in our sample measured with ﬁve
diﬀerent linewidth algorithms: (a) new narrow-band observations with velocity
resolution of 3.3 km s−1; (b) existing HIZOA data of a good H I proﬁle, with
a velocity resolution of 27 km s−1. The solid red lines represents our preferred
linewidth measurement WF50. Figures for the entire sample are available on-
line.
used the Pearson’s sample correlation coeﬃcient
r =
∑n
i=1(xi − x¯)(yi − y¯)√∑n
i=1(xi − x¯)2
√∑n
i=1(yi − y¯)2
(3.4)
with −1 ≤ r ≤ 1, where r ∼ −1 indicates a perfect anti-correlation and for
uncorrelated parameters r ∼ 0, while r ∼ 1 means a strong positive corre-
lation. Table 3.1 shows the resulting Pearson’s sample correlation coeﬃcient
correlation matrix. The best two correlations in Table 3.1 are between WP20
and WM50 and between WF50 and W2P50 where r = 0.993 for both of them.
The least correlated linewidths are WM50 and WP50 where r = 0.932. Based
on the values of r, WF50 comes out to be the most stable parameter with aver-
age correlation of r¯WF50 = 0.975 with the four other linewidths. This is ideal
because it is also the linewidth used in our calibration of an isophotal NIR TF
relation which is optimal for use in the ZOA (Said et al. 2015)
In addition to the preferred linewidth WF50, we provide the derived con-
version equations between all the ﬁve linewidths. These conversion equations
are derived using a Bayesian mixture model with more parameters than the
data points (see also, Hogg et al. 2010, Ivezić et al. 2014). The advantage
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Figure 3.4: A matrix of pairwise plots of the ﬁve linewidth measurements. The
solid line shows the one-to-one relation, while the dashed red line is the best
ﬁt model to the data. Almost perfect correlation was found between WP20 and
WM50 also between WF50 and W2P50 (within the uncertainty). A large oﬀset
was found between the two most used linewidths in the TF analysis WM50 and
WF50.
Table 3.1: The Pearson’s sample correlation coeﬃcient r. The correlation
coeﬃcient clearly identiﬁes WF50 as the most stable linewidth with average
correlation of r¯WF50 = 0.975 with the four other linewidths and therefore the
optimal choice for TF analysis.
linewidth type WP20 WM50 WP50 WF50 W2P50
WP20 1.000
WM50 0.993 1.000
WP50 0.947 0.932 1.000
WF50 0.978 0.974 0.953 1.000
W2P50 0.973 0.970 0.956 0.993 1.000
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of using a Bayesian mixture model is two-fold; it is less sensitive to outliers
compared to the simple maximum likelihood approach, and it does not exclude
them completely as happens with the sigma-clipping procedure. This model
was computed with the Python MCMC Hammer emcee‖ (Foreman-Mackey
et al. 2013). The 10 conversion formulae are given in Eqs. 3.5:
WM50 = −0.287(±0.086) + 1.0089(±0.0003)WP20, (3.5a)
WP50 = −14.177(±0.066) + 0.9287(±0.0003)WP20, (3.5b)
WP50 = −9.053(±0.065) + 0.9106(±0.0003)WM50, (3.5c)
WF50 = −27.999(±0.181) + 1.0474(±0.0008)WP20, (3.5d)
WF50 = −0.130(±0.173) + 0.9261(±0.0007)WM50, (3.5e)
WF50 = 2.554(±0.155) + 1.0382(±0.0007)WP50, (3.5f)
W2P50 = −17.293(±0.172) + 0.9765(±0.0009)WP20, (3.5g)
W2P50 = −17.293(±0.181) + 0.9767(±0.0009)WM50, (3.5h)
W2P50 = −1.400(±0.160) + 1.0380(±0.0009)WP50, (3.5i)
W2P50 = −27.280(±0.152) + 1.0341(±0.0008)WF50. (3.5j)
Before using any of these linewidths in a TF application, four corrections
need to be applied to obtain the more physical rotational velocity, namely:
the instrumental resolution correction, the cosmological redshift correction,
and the correction for the eﬀect of turbulent motion and inclination. We will
apply these four corrections in the forthcoming TF analysis.
3.3.2 H I Catalog
The H I catalog and plots of the H I spectra are available electronically. Figure
3.3 and Tables 3.2 & 3.3 present examples of the H I proﬁles and catalog. The
H I parameters listed in the two catalogs are:
Column (1) - HIZOA ID as reported in the HIZOA survey publications
(Donley et al. 2005; Staveley-Smith et al., 2015; Kraan-Korteweg et al., in
‖http://dan.iel.fm/emcee/current/
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prep.).
Columns (2 and 3) - Right Ascension (RA) and Declination (Dec.) in the
J2000.0 epoch of the ﬁtted position in HIZOA.
Columns (4 and 5) - Galactic coordinates.
Column (6) - I, Integrated H I ﬂux and associated error.
Column (7) - Heliocentric velocity Vhel (cz) measured as the mid-point of
the 50% of the proﬁle using the WF50 algorithm and associated error.
Column (8) - WP20, the linewidth at 20% of the peak ﬂux-rms and associ-
ated error.
Column (9) - WM50, the linewidth at 50% of the mean ﬂux and associated
error.
Column (10) - WP50, the linewidth at 50% of the peak ﬂux-rms and asso-
ciated error.
Column (11) - WF50, the linewidth at 50% of the peak ﬂux-rms measured
with a polynomial ﬁt to both sides of the proﬁle and associated error.
Column (12) - W2P50, the linewidth at 50% of the peak ﬂux-rms measured
at each of the two peaks and associated error.
Column (13) - rms noise.
Column (14) - Signal-to-noise ratio (S/N).
3.3.3 Characteristics of the Current Data
An overview of the H I parameters (divided into two sub-samples) is given
in Fig. 3.5, which shows histograms of the linewidth at 50% of the peak
ﬂux−rms measured after ﬁtting polynomials to both sides of the proﬁle WF50,
the error on the linewidth ǫWF50, the heliocentric velocity Vhel, the rms noise,
the logarithmic integrated line ﬂux and the logarithmic signal-to-noise ratio.
The distribution of galaxies with linewidths WF50 > 150 km s−1 is similar
to the distribution of the overall HIZOA catalogue (see also Fig. 2 in Staveley-
Smith et al., 2015). The fraction of low-linewidth galaxies in the TF sample
is signiﬁcantly lower. That is to be expected because these proﬁles generally
originate from dwarf galaxies which often have no clear disks, hence uncertain
inclinations, and low S/N . They are also less likely to have a NIR counterpart.
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Table 3.2: H I derived parameters for the good HIZOA proﬁles (velocity resolution of 27 km s−1). The full table is available online.
H I Name RA DEC l b I vhel WP20 WM50 WP50 WF50 W2P50 rms SNR
(J2000) [deg] Jy km s−1 km s−1 [mJy]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
J0653-03A 06 53 21.1 -03 53 32 216.6146 -1.3488 8.2 ± 1.0 2566.43 ± 2.90 290.356 ± 9.42 282.72 ± 8.13 181.06 ± 4.51 190.67 ± 3.19 181.06 ± 7.24 3.7 13.9
J0700-11 07 00 58.1 -11 47 17 224.5099 -3.2637 18.5 ± 0.7 2744.06 ± 1.62 449.90 ± 13.19 452.45 ± 9.69 424.85 ± 10.00 426.76 ± 9.25 426.80 ± 10.07 2.3 33.4
J0705-12 07 05 39.9 -12 59 55 226.1123 -2.7952 5.8 ± 0.7 5455.80 ± 2.20 222.06 ± 18.49 222.99 ± 15.81 206.61 ± 10.79 209.77 ± 4.30 208.88 ± 10.54 3.0 13.9
J0709-05 07 09 34.2 -05 24 14 219.8091 1.5520 14.4 ± 1.2 1720.60 ± 4.36 311.59 ± 1.74 305.04 ± 4.79 273.74 ± 2.70 279.29 ± 2.90 273.74 ± 2.79 3.8 16.5
J0717-08 07 17 40.6 -08 55 25 223.8612 1.7025 7.0 ± 0.8 2460.64 ± 4.45 201.84 ± 4.59 205.05 ± 3.62 178.40 ± 4.25 187.15 ± 17.97 178.40 ± 4.25 3.4 15.0
J0722-09 07 22 47.2 -09 01 54 224.5481 2.7670 9.0 ± 1.2 3338.34 ± 4.83 219.51 ± 22.20 231.46 ± 21.04 187.63 ± 10.82 181.50 ± 20.73 187.63 ± 10.82 4.5 13.1
J0724-09 07 24 57.5 -09 39 18 225.3511 2.9460 56.7 ± 0.7 2438.02 ± 2.32 203.50 ± 13.66 211.72 ± 11.86 178.45 ± 6.33 220.53 ± 17.65 178.45 ± 6.33 2.7 130.5
J0725-24A 07 25 16.4 -24 28 19 238.4486 -3.9987 57.5 ± 0.8 796.53 ± 0.36 195.95 ± 0.43 257.60 ± 5.64 131.04 ± 3.98 135.94 ± 0.16 131.04 ± 3.98 3.0 125.2
J0725-24B 07 25 16.5 -24 57 20 238.8765 -4.2258 10.8 ± 0.8 2761.76 ± 2.12 266.37 ± 16.29 267.44 ± 14.38 244.33 ± 5.19 245.66 ± 7.51 246.71 ± 6.29 2.9 19.6
J0727-23 07 27 31.3 -23 57 48 238.2420 -3.3068 18.7 ± 0.9 4391.43 ± 1.00 442.93 ± 9.04 445.06 ± 6.70 417.02 ± 6.70 420.80 ± 8.78 420.06 ± 9.18 2.9 26.2
Table 3.3: H I derived parameters for the narrow-band proﬁles (velocity resolution of 3.3 km s−1). The full table is available online.
H I Name RA DEC l b I vhel WP20 WM50 WP50 WF50 W2P50 rms SNR
(J2000) [deg] Jy km s−1 km s−1 [mJy]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
J0744-13 07 44 29.5 -13 03 58 230.6608 5.4984 21.9 ± 0.7 2304.82 ± 0.44 128.96 ± 3.01 125.94 ± 0.58 111.39 ± 2.30 115.93 ± 1.62 114.21 ± 1.80 10.3 23.14
J0744-25 07 44 26.4 -25 59 20 241.8791 -0.9424 2.1 ± 0.3 4048.62 ± 12.66 182.10 ± 2.28 174.57 ± 6.76 131.00 ± 45.66 170.17 ± 12.55 150.57 ± 2.78 4.4 6.44
J0744-26 07 44 23.4 -26 01 48 241.9092 -0.9725 8.8 ± 0.5 2728.33 ± 0.74 318.23 ± 1.37 309.14 ± 1.92 288.18 ± 9.41 285.73 ± 12.41 268.52 ± 34.02 5.4 9.02
J0744-27 07 44 55.4 -27 21 10 243.1148 -1.5301 3.5 ± 0.4 7272.13 ± 7.54 313.30 ± 2.10 314.20 ± 3.41 252.10 ± 51.65 267.42 ± 40.15 273.47 ± 12.98 5.6 6.17
J0747-21 07 47 19.7 -21 37 9 238.4298 1.8211 2.9 ± 0.4 6969.20 ± 3.39 123.33 ± 9.66 120.45 ± 0.32 106.60 ± 9.57 108.67 ± 16.82 107.35 ± 31.65 6.0 7.32
J0748-25B 07 48 33.6 -25 14 35 241.7011 0.2355 5.2 ± 0.6 6813.39 ± 6.13 387.72 ± 11.11 387.31 ± 8.30 359.04 ± 26.94 381.84 ± 24.89 375.88 ± 14.65 6.5 4.55
J0749-21 07 49 21.4 -21 53 6 238.8975 2.0935 2.9 ± 0.4 2338.38 ± 0.33 192.44 ± 0.08 182.80 ± 2.00 165.54 ± 15.94 179.23 ± 6.77 174.32 ± 11.21 5.7 5.59
J0749-26B 07 49 21.0 -26 12 17 242.6205 -0.0983 13.0 ± 0.5 2490.82 ± 1.42 328.04 ± 10.59 313.38 ± 0.07 279.72 ± 8.94 296.52 ± 4.76 288.81 ± 2.63 4.4 13.74
J0750-32 07 50 39.7 -32 49 19 248.4695 -3.2120 5.0 ± 0.4 5130.45 ± 0.36 329.91 ± 6.04 320.56 ± 0.33 290.53 ± 7.32 307.97 ± 13.66 303.12 ± 6.95 4.3 7.68
J0751-37 07 51 28.0 -37 13 4 252.3550 -5.2946 12.4 ± 0.5 2805.47 ± 0.28 101.69 ± 2.71 99.19 ± 2.60 79.94 ± 3.18 85.73 ± 0.30 85.97 ± 1.49 8.4 18.78
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Figure 3.5: Histograms of the H I parameters for the whole TF sample divided into two sub-samples (238 narrow band proﬁles and 104
HIZOA proﬁles); the linewidth at 50% of the peak ﬂux−rms measured after ﬁtting polynomials to both sides of the proﬁle WF50, the
error on the linewidth ǫWF50, the heliocentric velocity Vhel, the rms noise, logarithmic integrated line ﬂux and logarithmic signal-to-noise
ratio.
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The scatter in the TF relation for these low-linewidth galaxies is much higher
and they are preferentially excluded from TF applications.
The distribution of the associated linewidth error ǫWF50 in Fig. 3.5 shows
that 95% and 84% of our sample have errors less than 30 km s−1 and 20 km
s−1, respectively.
The distribution of the heliocentric velocity Vhel shows the peaks that are
indicative of the Puppis and GA overdensities, but they are not quite as pro-
nounced as in the HIZOA data. There is a clear drop in the number of detected
galaxies for reliable TF analysis beyond 7000 km s−1, compared to the full HI-
ZOA data set. Only 24 galaxies (7%) of the sample have Vhel > 7000 km s−1.
Galaxies beyond 7000 km s−1 on average have lower S/N ratios given their
large distances.
The average rms noise for our sample is 5.5 mJy and the majority (92%)
have rms < 8.0 mJy. A histogram of the logarithmic value of the integrated
line ﬂux is also shown in Fig. 3.5. The ﬁnal histogram in Fig. 3.5 shows the
distribution of the logarithmic value of the signal-to-noise ratio. The average
value of the signal-to-noise ratio of our sample is 14.7 with a median value of
7.9, which is adequate for the TF analysis.
In Fig. 3.5, the 104 HIZOA proﬁles have higher S/N ratio than the new
narrow band observations. This is expected because the narrow-band observ-
ing list contains only galaxies with weaker HIZOA proﬁles of insuﬃcient S/N
ratio for the TF work.
3.3.4 Comparison with published H I data
In this section we provide an extensive comparison of the newly measured
linewidths and the published linewidths. We used the two published parts
of the HIZOA survey (HIZOA-S; Staveley-Smith et al., 2015 and HIZOA-N;
Donley et al. 2005). After excluding galaxies from the GB extension, the
number of galaxies used in this comparison becomes 307 galaxies.
Figure 3.6 shows a comparison between linewidths at 50% of the peak
ﬂux measured in this work against its counterpart measurements in HIZOA
surveys. In Fig. 3.6, we divided the whole sample into three sub-sample: (1)
the new narrow band observations, (2) HIZOA proﬁles (same spectra) and (3)
The northern extinction proﬁles (HIZOA-N). Good agreement for most of the
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Figure 3.6: A comparison between WP50 measured in this work using a mod-
iﬁed version of the GBTIDL function AWV and WP50 measured in HIZOA
surveys using MIRIAD task MBSPECT. The solid line shows the one-to-one
relation.
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Table 3.4: List of galaxies with oﬀset larger than 50 km s−1
H I Name W ThisworkP50 W
HIZOA
P50 oﬀset
J0623+14 380± 15 286± 44 94
J0635+02 212± 32 41± 23 171
J0635+11 342± 96 408± 9 −65
J0635+14A 330± 58 275± 11 55
J0653+07 251± 10 329± 6 −77
J0704-13 197± 20 92± 18 105
J0722-05 130± 13 241± 16 −110
J0730-25 336± 1 253± 23 83
J0752-29 166± 25 238± 14 −71
J0753-22 231± 9 154± 18 77
J0808-35 409± 50 320± 26 89
J0821-39 267± 23 188± 25 79
J0858-45A 343± 35 268± 15 75
J0859-52 210± 4 136± 18 74
J1012-62 90± 20 229± 27 −138
J1045-64 323± 13 382± 18 −58
J1052-64 158± 27 95± 18 63
J1125-60 224± 4 157± 19 67
J1149-64 117± 41 188± 14 −70
J1339-57 212± 32 281± 17 −68
J1419-57 138± 35 190± 16 −51
J1624-45A 203± 10 274± 22 −70
J1625-55 405± 20 89± 28 316
J1929+11 266± 2 351± 16 −84
J0858-39 224± 65 57± 8 167
galaxies are shown clearly in this ﬁgure. Measurements from the same spectra,
shown as red squares, are almost identical. Our new measurements are slightly
diﬀerent from the HIZOA-N (blue triangles). In Table 3.4 we list all galaxies
with oﬀsets larger than 50 km s−1. Table 3.4 also shows the newly measured,
the published linewidth with the associated error for each measurement and
the oﬀset for each galaxy.
The main reason for these oﬀsets is the diﬀerence in the velocity resolution
between the narrow band (3.3 km s−1) and the HIZOA (27 km s−1) data. This
is shown clearly in the most notable oﬀset (316 km s−1, for J1625−55). This
galaxy is measured in the narrow band observations to have WP50 = 405 km
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s−1, which agrees within the uncertainty in the measurement of the same galaxy
in the HICAT catalog (Meyer et al. 2004) which was WP50 = 453 km s−1. In
contrast, the same galaxy was measured in the HIZOA-S catalog to have WP50
of 89 km s−1 because one of the two peaks dominate their signal. This can
be further explained by looking at the WP20 in the three surveys (narrow-
band, HICAT and HIZOA-S) which all agree within the uncertainty. All other
notable oﬀsets listed in Table 3.4 can be explained in a similar manner.
Another comparison with the HIPASS catalog (Koribalski et al. 2004) is
shown in Fig. 3.7.
The left panel of this plot shows a comparison between WP50 measured in
this work on the x-axis and WP50 measured in HIPASS survey on the y-axis
for the 28 galaxies in common. As expected, a perfect agreement between
both measurements are shown because these galaxies are among the brightest
galaxies in the HIPASS survey. Two galaxies, J1059-66 & J1149-64, both show
a notable oﬀset. They are identiﬁed by name on the left panel of the ﬁgure
itself. The proﬁles of these two galaxies are displayed in the right panel of
the plot. They demonstrate quite well why there is such a large diﬀerence:
in both cases one of the two peaks is more prominent than the other peak in
these lob-sided proﬁles.
3.4 Summary
In this chapter, we present H I observations for 394 inclined spiral galaxies in
the southern ZOA. Parameters were determined in a systematic way for ap-
plications of the TF relation in the ZOA. New observations for 290 galaxies
in the sample were conducted in 2010 and 2015 with the 7 inner beams of
the multibeam receiver on the Parkes 64 m Radio Telescope. Three-channel
Hanning smoothing was applied to the spectra, resulting in a velocity resolu-
tion of 3.3 km s−1 for our newly observed sample. The additional 104 galaxies
were measured directly from the existing HIZOA data. The ﬁnal sample con-
tains 342 galaxies with adequate signal-to-noise (S/N > 5) and an H I proﬁles
suitable for TF analysis. The average value of the signal-to-noise ratio of the
ﬁnal sample is 14.7 with a median value of 7.9. A modiﬁed version of the
GBTIDL function AWV was used to measure the systemic velocities and ve-
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Figure 3.7: A comparison between WP50 measured in this work using a modiﬁed version of the GBTIDL function AWV and WP50
measured in HIPASS survey using MIRIAD task MBSPECT. The solid line shows the one-to-one relation.
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locity linewidths based on ﬁve diﬀerent methods. Good agreement was found,
within the uncertainty, between WP20, the linewidth at 20% of the peak ﬂux-
rms and WM50, the linewidth at 50% of the mean ﬂux. A larger oﬀset was
found between both of these linewidth values and WF50, the linewidth at 50%
of the peak ﬂux-rms measured with a polynomial ﬁt to both sides of the pro-
ﬁle. Also, WF50, the linewidth at 50% of the peak ﬂux-rms and W2P50, the
linewidth at 50% of the peak ﬂux-rms measured at each of the two peaks seem
to agree within the uncertainty. The Pearson’s sample correlation coeﬃcient
was used to quantify the correlation between all derived linewidths. Conver-
sion equations between these ﬁve linewidths were derived using a Bayesian
mixture model to avoid any bias toward the outliers.
In a forthcoming chapter, we will present the accompanying ﬁnal high-
quality NIR J , H , and Ks-band photometry that has been obtained for all
galaxies in the HIZOA surveys. In that chapter we will also discuss the com-
pleteness of the NIR catalog in the ZOA and the reliability of the photometry
with regard to the determinations of peculiar velocities from the NIR TF ap-
plication.
The H I data presented in this chapter, the NIR data (next chapter) and
the newly calibrated TF relation (Said et al. 2015) will be used to measure
the ﬂow ﬁelds in the ZOA. This will be the ﬁrst measurement of the ﬂow
ﬁelds in the ZOA and should improve the assessment of the actual overdensity
of the so far hidden large-scale structures, in particular for the GA region.
This work should also be regarded as a precursor to the forthcoming Wideﬁeld
ASKAP L-band Legacy All-sky Blind surveY (WALLABY)∗∗ and its sister in
the northern hemisphere, the Westerbork Northern Sky HI Survey (WNSHS)††
which will provide an HI survey of the whole sky (Duﬀy et al. 2012). This work
can be regarded as a pilot project as well to the determination of ﬂow ﬁelds
as close as possible to the Galactic Plane, given the forthcoming deep NIR
photometry from surveys such as UKIDSS and VISTA (Emerson et al. 2004,
Hewett et al. 2006, Lucas et al. 2008).
∗∗http://www.atnf.csiro.au/research/WALLABY/proposal.html
††http://www.astron.nl/ jozsa/wnshs/
Chapter 4
Deep NIR catalogue of the HIZOA
galaxies
We present a deep near-infrared (NIR; J , H , and Ks bands) photometric cata-
logue of sources from the Parkes H I Zone of Avoidance (HIZOA) survey, which
forms the basis for an investigation of the matter distribution in the Zone of
Avoidance. Observations were conducted between 2006 and 2013 using the In-
frared Survey Facility (IRSF), a 1.4-m telescope situated at the South African
Astronomical Observatory site in Sutherland. The images cover all 1108 HI-
ZOA detections and yield 915 galaxies. An additional 105 bright 2MASS
galaxies in the southern ZOA were imaged with the IRSF, resulting in 129
galaxies. The average Ks-band seeing and sky background for the survey are
1.38 arcsec and 20.1 mag, respectively. The detection rate as a function of
stellar density and dust extinction is found to depend mainly on the H I mass
of the H I detected galaxies, which in principle correlates with the NIR bright-
ness of the spiral galaxies. The measured isophotal magnitudes are of suﬃcient
accuracy (errors ∼ 0.02 mag) to be used in a Tully-Fisher analysis. In the ﬁ-
nal NIR catalogue, 285 galaxies have both IRSF and 2MASS photometry (180
HIZOA plus 105 bright 2MASX galaxies). The Ks-band isophotal magnitudes
presented in this chapter agree, within the uncertainties, with those reported
in the 2MASX catalogue. Another 30 galaxies, from the HIZOA northern ex-
tension, are also covered by UKIDSS Galactic Plane Survey (GPS) images,
which are one magnitude deeper than our IRSF images. A modiﬁed version
of our photometry pipeline was used to derive the photometric parameters of
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these UKIDSS galaxies. Good agreement was found between the respective
Ks-band isophotal magnitudes. These comparisons conﬁrm the robustness of
the isophotal parameters and demonstrate that the IRSF images do not suf-
fer from foreground contamination, after star removal, nor under-estimate the
isophotal ﬂuxes of ZoA galaxies.
4.1 Introduction
At low Galactic latitude NIR wavelengths are preferred over optical wave-
lengths because of the ability of NIR radiation to penetrate through dust.
The NIR also provides a more stable indicator of total stellar mass (Kraan-
Korteweg & Lahav 2000, Kraan-Korteweg 2005). In the last few decades many
surveys have used the NIR to unveil the LSS hidden behind the Milky Way.
The 2MASS extended source catalogue (2MASX) contains galaxies that have
never been seen before in the ZOA (Jarrett et al. 2000). Jarrett et al. (2000)
present new extended sources in the ZOA at Galactic longitude between 40◦
and 70◦. Deeper NIR observations have been used speciﬁcally for dedicated
surveys in the ZOA. Nagayama et al. (2004) used the same instrument that
we have used in this work to conduct a NIR survey around the radio galaxy
PKS1343-601. They detected 19 galaxies and another 38 galaxy candidates of
which only three were known previously. Woudt et al. (2005) also used the
IRSF to obtain deep photometry for 76 galaxies which was used in the deter-
mination of the distance to the Norma cluster. Nagayama et al. (2006) used
a deep NIR survey of a luminous cluster in the GA region and identiﬁed 111
galaxy candidates. Longer wavelengths are also used in the ZOA; Jarrett et al.
(2007) used mid-infrared wavelengths to unveil two galaxies in the GA region.
A large deep NIR survey of the Norma Wall (NWS: Riad et al. 2010, Riad 2010,
Kraan-Korteweg et al. 2011; Riad et al,. in prep) was also conducted with the
IRSF. This survey resulted in a catalogue of 4360 galaxies with completeness
limits of 15.6, 15.3 and 14.8 mag in the J , H , andKs bands, respectively. Given
the success of these surveys, we started a follow-up NIR survey of the HIZOA
galaxies in the southern ZOA using the same telescope and instrument (IRSF).
This chapter is organized as follows. Section 4.2 discusses the observations,
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calibration and observatory site conditions. The ﬁnal extended source cata-
logue and parameter characterization are presented in Section 4.3. Complete-
ness as a function of dust extinction and stellar density is discussed in detail
in Section 4.4. Comparison of the resulting photometry with the 2MASS and
UKIDSS surveys is presented in Section 4.5. We summarise our results in
Section 4.6. All magnitudes are quoted in the Vega System.
4.2 Observations
Deep NIR follow-up observations of all HIZOA galaxies were conducted with
the Infrared Survey Facility (IRSF), a 1.4-m telescope situated at the South
African Astronomical Observatory (SAAO) site in Sutherland, South Africa.
The Simultaneous 3-colour (J , H , and Ks) Infrared Imager for Unbiased Sur-
vey (SIRIUS; Nagayama et al. 2003) camera on the IRSF has a ﬁeld of view of
7.7×7.7 arcmin2 (ideally suited for HIZOA follow-up given the 4 arcmin posi-
tional accuracy of the H I detections) with a pixel scale of 0.45 arcsec pixel−1
compared to 2.0 arcsec pixel−1 for 2MASS (Skrutskie et al. 2006). A pilot
project and the ﬁrst results of the catalogue were published by Williams et al.
(2014) who presented photometry for 557 galaxies in the HIZOA catalogue
with cz ≤ 6000 km s−1. For completion we have included their 578 ﬁelds in
the current study.
An additional 105 2MASX ﬁelds in the southern ZOA but not in the HIZOA
survey were also observed. The H I spectral line data for these 105 2MASX
ﬁelds are from Parkes observations and available either from the 2MASS TF
Survey (Hong et al. 2013) or from Said et al. (in prep.). These additional
galaxies are all the bright (K◦s = 11.25 mag), edge-on (b/a = 0.5) 2MASX
galaxies in the southern ZOA (5◦ ≤ |b| ≤ 10◦).
4.2.1 Data acquisition
Data acquisition started in 2006 and was completed by 2013, resulting in deep
NIR imaging of all the HIZOA targets. The images have exposure times of 10
min, and are 2 mag deeper than 2MASS in the Ks-band (Riad 2010). We used
the dithering technique to overcome the problem of faulty pixels in the NIR
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Table 4.1: IRSF observations and the Observer In Charge (OIC). OIC: Wendy
Williams (WW), Tom Mutabazi (TM) and Khaled Said (KS).
Year Month(s) Allocated weeks No. of ﬁelds OIC
2006-2008 101
2009 March/April 2 249 WW
2009 March/April 2 67 WW
2010 June/July 3 138 WW
2012 May 2 231 TM
2013 April 3 430 KS
detector. We repeated a 24 s exposure 25 times with a dithering step of 15
arcsec. This dithering resulted in increasing the ﬁnal image size to 8.6 × 8.6
arcmin2. A total of 12 weeks were allocated to this project starting in 2009.
101 ﬁelds were observed between 2006 and 2008 as part of other projects to
test the feasibility of this project. Table 4.1 shows the observations, number of
allocated weeks, number of ﬁelds observed and the Observer In Charge (OIC).
Substantial time was lost during the 2009 and 2010 runs due to bad weather
and cooling system problems.
4.2.2 Data reduction and calibration
The primary data reduction, including dark frame subtraction, ﬂat ﬁeld cor-
rection, sky-subtraction, dither combination and astrometric and photometric
calibration, was carried out using the pipeline software for SIRIUS∗.
4.2.3 Observatory site conditions and quality control
Figs 4.1 and 4.2 show the distributions of the Ks-band seeing and the deviation
of magnitude zero point from the mean, respectively, for the 1229 observed
ﬁelds as a function of observation date. An average Ks-band seeing of 1.38
arcsec and an average Ks-band magnitude zero point of 20.1 mag were found
for the entire survey. These values agree with those found for the Norma wall
survey (Riad 2010, Kraan-Korteweg et al. 2011). Fig. 4.1 shows that 95 per
cent of the survey has seeing values below 2.0 arcsec. Fig. 4.2 shows that
∗http://irsf-software.appspot.com/yas/nakajima/sirius.html
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85 per cent of the survey lies within ± 0.2 mag of the mean magnitude zero
point. While the deviations of magnitude zero point from the mean are not
signiﬁcant, Fig. 4.2 shows a clear trend that the sky is getting brighter with
time. All ﬁelds with either seeing or zero point magnitude outside of these two
ranges were inspected visually to check their image quality. Poor quality ﬁelds
were re-observed under photometric conditions†.
Fig. 4.3 shows one ﬁeld that was re-observed, where the left panel shows
the ﬁeld observed under non-photometric conditions and the right panel shows
that same ﬁeld re-observed under photometric conditions. The image on the
left hand side was taken under a partially cloudy sky which aﬀects both the
seeing and magnitude zero point. The Ks-band seeing for the left hand side
image is 2.6 arcsec. The Ks-band zero point magnitude for the image on the
left hand side was found to be 18.1 mag. In contrast, the right hand side
image shows the ﬁeld observed under photometric conditions. The Ks-band
seeing and zero point magnitude for the right hand side image are 0.9 arcsec
and 20.1 mag, respectively. The counterpart of the HIZOA galaxy, J1624-45A,
in this ﬁeld is an edge-on galaxy and is marked with the white ellipse in the
bottom-left corner of each image. This example demonstrates how important
photometric conditions are for this kind of survey. The extent of the galaxy
on the left hand side is underestimated while the real size of the galaxy is
apparent in the right hand image.
4.3 Final extended source catalogue
The procedures for source identiﬁcation, star subtraction and photometry are
described in detail by Williams et al. (2014). In this section we will there-
fore only present the ﬁnal extended source catalogue. This catalogue contains
photometry in the J , H , and Ks bands for 1044 galaxies. We divide the ﬁ-
nal catalogue into two separate catalogues, one for the HIZOA galaxies and
the second for the bright 2MASX galaxies, full catalogues are available elec-
tronically. FITS ﬁles for the three bands are also available upon request. An
example of the catalogue is given here for the brightest 100 galaxies in the
†These poor fields were removed and replaced with the photometric-quality ones for the
final catalogue but we have made both FITS files available for comparison purposes
70 Deep NIR catalogue of the HIZOA galaxies 4
0
20
40
60
80
100
N
N=101 (2006−2008)
0
20
40
60
80
100
N
N=316 (2009)
0
20
40
60
80
100
N
N=138 (2010)
0
20
40
60
80
100
N
N=231 (2012)
0.5 1.0 1.5 2.0 2.5 3.0 3.5
Ksband seeing FWHM (arcsec)
0
20
40
60
80
100
N
N=430 (2013)
Figure 4.1: Distributions of the measured Ks-band seeing FWHM from 2006
to 2013.
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Figure 4.2: Distributions of the Ks-band photometric zero point magnitude
from 2006 to 2013.
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Figure 4.3: Ks-band photometric vs non-photometric images of the same ﬁeld. Both images are 8.6 × 8.6 arcmin; the image on the
left was observed under non-photometric conditions while the image on the right was re-observed under photometric conditions. The
Ks-band seeing and zero point magnitude for the image on the left are 2.6 arcsec and 18.1 mag, respectively, while the Ks-band seeing
and zero point magnitude for the image on the right are 0.9 arcsec and 20.1 mag, respectively. Note also the increase in resolved stars
in the right image.
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catalogue.
4.3.1 NIR Parametrization and catalogue
The main goal of this chapter is to provide accurate NIR photometric param-
eters for galaxies hidden behind the ZOA. These parameters will be used in
the forthcoming NIR TF analysis. In this section we provide the required pa-
rameters. For consistency with Williams et al. (2014), we employ the same
methods and naming for the whole survey as that described by Cutri et al.
(2003). Table 4.2 and Fig. 4.4 present the photometry for and the postage
stamp images of the brightest 100 galaxies in the catalogue, respectively, in
order of isophotal Ks20 ﬁducial elliptical aperture magnitude. The catalogue is
presented in its entire form online. The NIR parameters listed in the catalogue
are as follows:
Column (1) – unique ZOA ID formed from sexigesimal coordinates.
Column (2) – HIZOA ID as reported in the HIZOA survey publications
(Donley et al. 2005; Staveley-Smith et al., 2015; Kraan-Korteweg et al., in
prep.)‡.
Column (3) – Survey name.
Columns (4 and 5) – Right Ascension (RA) and Declination (Dec.) in the
J2000.0 epoch.
Columns (6 and 7) – Galactic coordinates [degree].
Column (8) – J-band ellipticity (ǫ = 1− b/a) measured as the mean value
of the ellipticities of the ellipses ﬁtted between the 1σ and 2σ, where σ is the
sky rms.
Column (9) – Isophotal Ks20 ﬁducial elliptical aperture semi-major axis
[arcsec].
Columns (10–12) – J-, H-, and Ks-band Ks20 ﬁducial elliptical aperture
magnitudes and associated errors [mag].
Columns (13–15) – J-, H-, and Ks-band central surface brightness, mea-
sured as the magnitude of the mean ﬂux within a radius ≤ 5 arcsec. [mag
arcsec−2].
Column (16) – E(B − V ), Galactic extinction as reported by Schlaﬂy &
‡If the galaxy is not in the HIZOA catalogue, the 2MASX ID is provided instead.
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Finkbeiner (2011).
Column (17) – SD, IRSF stellar density log(NKs<14/deg
2) where NKs<14
is the number density of stars brighter than 14 mag in the Ks band.
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Table 4.2: NIR coordinates, sizes, shapes and photometry of the brightest 100 galaxies in the catalogue in order of
isophotal Ks20 ﬁducial elliptical aperture magnitude. The full table is available online.
ZOA ID HI Name Survey RA DEC l b ǫJ rKs20fe
JKs20fe
HKs20fe
KsKs20fe
µcJ µcH µcKs E(B − V ) SD
(J2000) [deg] [arcsec] [mag] [mag] [mag] [mag arcsec−2 ] [mag]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
ZOA141309.873-652020.76 J1413-65 HIZOA 213.291 −65.339 311.326 −3.808 0.44 87.05 7.50 ± 0.02 6.49 ± 0.02 6.09 ± 0.02 12.67 11.69 11.18 1.264 4.374
ZOA151434.147-525921.52 J1514-53 HIZOA 228.642 −52.989 323.594 4.043 0.77 136.09 8.86 ± 0.02 7.91 ± 0.02 7.42 ± 0.02 14.44 13.49 13.01 0.851 4.299
ZOA085728.473-391605.66 J0857-39 HIZOA 134.369 −39.268 261.500 4.100 0.10 45.77 9.18 ± 0.02 8.32 ± 0.02 7.95 ± 0.02 14.09 13.22 12.85 0.619 3.611
ZOA150928.962-523320.67 J1509-52 HIZOA 227.371 −52.556 323.155 4.810 0.79 98.73 9.24 ± 0.02 8.38 ± 0.02 7.97 ± 0.02 14.97 14.05 13.60 0.662 4.090
ZOA081706.065-272720.64 J0817-27 HIZOA 124.275 −27.456 246.973 4.481 0.41 59.84 9.17 ± 0.02 8.41 ± 0.02 8.11 ± 0.02 14.83 14.09 13.81 0.220 3.746
ZOA181427.987-022505.11 J1814-02 HIZOA 273.617 −2.418 26.526 7.099 0.47 47.82 10.04 ± 0.02 8.90 ± 0.02 8.50 ± 0.02 14.72 13.70 13.40 1.980 3.986
ZOA122238.290-583657.66 J1222-58 HIZOA 185.659 −58.616 299.180 4.046 0.69 60.30 9.71 ± 0.02 8.92 ± 0.02 8.60 ± 0.02 14.62 13.83 13.55 0.499 4.121
ZOA151413.880-464827.22 2MASX1514-464 2MASS 228.558 −46.808 326.808 9.338 0.53 114.03 10.75 ± 0.02 10.16 ± 0.02 8.60 ± 0.02 18.23 17.64 16.89 0.217 3.805
ZOA094916.505-475511.27 J0949-47A HIZOA 147.319 −47.919 274.257 4.549 0.10 38.65 9.67 ± 0.02 8.97 ± 0.02 8.69 ± 0.02 14.37 13.62 13.36 0.301 3.797
ZOA145709.815-542331.46 J1457-54 HIZOA 224.291 −54.392 320.654 4.0957 0.51 53.80 10.04 ± 0.02 9.14 ± 0.02 8.69 ± 0.02 14.96 14.07 13.64 0.731 4.210
ZOA114606.371-562326.95 J1145-56 HIZOA 176.526 −56.391 293.937 5.336 0.27 54.68 9.99 ± 0.02 9.26 ± 0.02 8.82 ± 0.02 16.05 15.26 14.82 0.335 3.844
ZOA135138.534-583515.22 J1351-58 HIZOA 207.910 −58.588 310.724 3.370 0.52 47.27 10.23 ± 0.02 9.31 ± 0.02 8.87 ± 0.02 14.80 13.88 13.41 0.834 4.287
ZOA074752.048-184453.18 J0747-18 HIZOA 116.967 −18.748 236.009 3.374 0.82 84.90 10.06 ± 0.02 9.31 ± 0.02 8.91 ± 0.02 15.79 14.95 14.77 0.327 3.547
ZOA072210.950-055547.38 J0722-05 HIZOA 110.546 −5.930 221.732 4.088 0.78 48.64 9.99 ± 0.02 9.28 ± 0.02 8.99 ± 0.02 14.08 13.41 13.05 0.250 3.528
ZOA070103.346+015439.69 J0701+01 HIZOA 105.264 1.911 212.326 3.011 0.48 41.91 10.16 ± 0.02 9.37 ± 0.02 9.01 ± 0.02 15.09 14.34 13.93 0.520 3.563
ZOA143158.829-552758.82 J1431-55 HIZOA 217.995 −55.466 316.912 4.653 0.10 34.39 10.32 ± 0.02 9.46 ± 0.02 9.05 ± 0.02 15.65 14.75 14.31 0.731 4.091
ZOA080611.134-273140.86 J0806-27 HIZOA 121.546 −27.528 245.709 2.414 0.58 43.68 10.26 ± 0.02 9.51 ± 0.02 9.09 ± 0.02 14.84 14.10 13.67 0.420 3.731
ZOA074843.871-261445.62 J0748-26B HIZOA 117.183 −26.246 242.586 −0.239 0.32 39.43 10.49 ± 0.02 9.64 ± 0.02 9.10 ± 0.02 15.53 14.56 14.04 0.482 3.723
ZOA163211.878-280530.82 J1632-28 HIZOA 248.050 −28.092 351.084 13.502 0.72 81.48 10.28 ± 0.02 9.45 ± 0.02 9.10 ± 0.02 15.64 14.80 14.46 0.525 3.536
ZOA141036.181-653457.76 J1410-65 HIZOA 212.651 −65.583 310.997 −3.958 0.52 46.18 10.35 ± 0.02 9.48 ± 0.02 9.14 ± 0.02 15.13 14.34 13.98 0.516 4.325
ZOA155524.078-581431.30 J1555-581 2MASS 238.850 −58.242 325.222 −3.570 0.37 65.37 11.32 ± 0.02 9.98 ± 0.02 9.16 ± 0.02 16.32 15.40 14.86 0.641 4.404
ZOA063554.386+110808.32 J0635+11 HIZOA 98.977 11.136 201.262 1.658 0.27 31.91 10.78 ± 0.02 9.63 ± 0.02 9.19 ± 0.02 15.67 14.70 14.29 1.310 3.518
ZOA083439.531-400855.61 J0834-40 HIZOA 128.665 −40.149 259.448 0.122 0.22 34.38 10.02 ± 0.02 9.52 ± 0.02 9.30 ± 0.02 15.30 14.61 14.51 1.823 3.838
ZOA132723.827-572922.23 J1327-57 HIZOA 201.849 −57.490 307.768 5.044 0.74 46.73 10.86 ± 0.02 9.82 ± 0.02 9.30 ± 0.02 15.93 14.75 14.09 0.697 3.980
Continued on Next Page. . .
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Table 4.2 – Continued
ZOA ID HI Name Survey RA DEC l b ǫJ rKs20fe
JKs20fe
HKs20fe
KsKs20fe
µcJ µcH µcKs E(B − V ) SD
(J2000) [deg] [arcsec] [mag] [mag] [mag] [mag arcsec−2 ] [mag]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
ZOA085838.795-423157.31 J0858-42 HIZOA 134.662 −42.533 264.125 2.141 0.45 43.00 11.95 ± 0.02 10.10 ± 0.02 9.35 ± 0.02 16.58 14.86 14.05 3.431 3.735
ZOA072456.870-093933.95 J0724-09 HIZOA 111.237 −9.659 225.354 2.942 0.29 32.86 10.48 ± 0.02 9.71 ± 0.02 9.41 ± 0.02 15.54 14.90 14.39 0.340 3.529
ZOA160349.297-605840.50 2MASX1603-605 2MASS 240.955 −60.978 324.235 −6.336 0.81 58.98 10.71 ± 0.02 9.85 ± 0.02 9.45 ± 0.02 15.62 15.02 14.67 0.275 4.036
ZOA094952.868-563235.55 J0949-56 HIZOA 147.470 −56.543 279.808 −2.054 0.24 45.57 11.43 ± 0.02 10.29 ± 0.02 9.58 ± 0.02 16.56 15.33 14.62 1.806 4.159
ZOA141710.092-553240.92 2MASX1417-553 2MASS 214.292 −55.545 314.915 5.320 0.85 58.28 11.27 ± 0.02 10.13 ± 0.02 9.58 ± 0.02 16.54 15.49 15.10 0.535 3.994
ZOA155422.988-612025.58 2MASX1554-612 2MASS 238.596 −61.340 323.130 −5.866 0.56 33.80 10.84 ± 0.02 10.11 ± 0.02 9.58 ± 0.02 15.45 15.09 14.44 0.348 4.042
ZOA141933.720-580850.19 J1419-58B HIZOA 214.890 −58.147 314.363 2.755 0.59 52.89 11.00 ± 0.02 10.14 ± 0.02 9.59 ± 0.02 16.82 15.82 15.27 1.307 4.363
ZOA163140.118-280606.66 J1631-28 HIZOA 247.917 −28.101 350.997 13.584 0.27 35.29 10.83 ± 0.02 10.07 ± 0.02 9.59 ± 0.02 15.78 14.94 14.48 0.542 3.598
ZOA161710.946-581845.49 2MASX1617-581 2MASS 244.296 −58.313 327.304 −5.542 0.57 31.39 10.83 ± 0.02 10.05 ± 0.02 9.61 ± 0.02 15.11 14.33 13.80 0.260 4.203
ZOA101655.552-485252.32 2MASX1016-485 2MASS 154.231 −48.881 278.525 6.529 0.54 37.76 10.72 ± 0.02 9.74 ± 0.02 9.63 ± 0.02 16.01 15.29 14.91 0.183 3.659
ZOA160425.042-604415.93 2MASX1604-604 2MASS 241.104 −60.738 324.450 −6.205 0.77 40.77 10.73 ± 0.02 10.01 ± 0.02 9.65 ± 0.02 15.08 14.63 14.42 0.257 4.039
ZOA090033.110-392626.93 J0900-39 HIZOA 135.138 −39.441 262.020 4.438 0.39 37.83 10.79 ± 0.02 10.15 ± 0.02 9.67 ± 0.02 16.21 15.45 15.04 0.576 3.611
ZOA153603.059-594449.42 2MASXJ1536-5944 2MASS 234.013 −59.747 322.327 −3.226 0.46 41.50 10.92 ± 0.02 10.04 ± 0.02 9.67 ± 0.02 15.87 14.93 14.40 0.833 4.435
ZOA131033.767-580021.18 J1310-57 HIZOA 197.641 −58.006 305.472 4.772 0.27 27.20 10.81 ± 0.02 10.02 ± 0.02 9.68 ± 0.02 15.19 14.52 14.22 0.480 4.080
ZOA161319.695-562349.17 J1613-56 HIZOA 243.332 −56.397 328.261 −3.802 0.35 40.49 10.93 ± 0.02 10.69 ± 0.02 9.68 ± 0.02 16.15 15.39 14.87 0.464 4.425
ZOA074252.007-315959.79 J0742-31 HIZOA 115.717 −32.000 246.932 −4.2257 0.52 26.61 11.15 ± 0.02 10.38 ± 0.02 9.71 ± 0.02 15.39 14.72 14.15 0.714 3.757
ZOA101212.032-623159.40 J1012-62 HIZOA 153.050 −62.533 285.686 −5.121 0.62 39.84 10.84 ± 0.02 10.08 ± 0.02 9.71 ± 0.02 15.80 15.03 14.51 0.249 4.036
ZOA162101.624-360831.49 J1621-36 HIZOA 245.257 −36.142 343.413 9.765 0.55 38.44 10.84 ± 0.02 10.05 ± 0.02 9.71 ± 0.02 15.25 14.44 14.09 0.611 3.789
ZOA070056.215-114734.32 J0700-11 HIZOA 105.234 −11.793 224.511 −3.273 0.70 42.70 11.39 ± 0.02 10.29 ± 0.02 9.72 ± 0.02 16.21 15.12 14.61 0.680 3.595
ZOA072457.474-271516.87 J0724-27 HIZOA 111.240 −27.255 240.882 −5.366 0.36 41.90 11.78 ± 0.02 11.03 ± 0.02 9.72 ± 0.02 16.64 15.89 15.49 0.370 3.668
ZOA181530.143-025348.41 J1815-02 HIZOA 273.876 −2.897 26.220 6.647 0.10 32.73 11.41 ± 0.02 10.26 ± 0.02 9.72 ± 0.02 16.32 15.29 14.62 2.230 3.973
ZOA114948.692-640006.93 J1149-64 HIZOA 177.453 −64.002 296.241 −1.934 0.57 42.66 11.73 ± 0.02 10.42 ± 0.02 9.73 ± 0.02 17.05 15.76 15.05 2.098 4.382
ZOA141710.099-553238.77 J1416-55B HIZOA 214.292 −55.544 314.916 5.320 0.86 68.61 11.23 ± 0.02 10.10 ± 0.02 9.73 ± 0.02 16.58 15.47 14.96 0.533 3.982
ZOA074141.201-223112.25 J0741-22 HIZOA 115.422 −22.520 238.558 0.239 0.80 48.26 11.31 ± 0.02 10.24 ± 0.02 9.74 ± 0.02 16.54 15.35 14.64 0.568 3.737
ZOA161710.749-581844.59 J1617-58 HIZOA 244.295 −58.313 327.304 −5.542 0.53 33.09 10.82 ± 0.02 10.04 ± 0.02 9.75 ± 0.02 15.19 14.39 14.00 0.258 4.159
Continued on Next Page. . .
4.3
F
inalextended
source
catalogue
77
Table 4.2 – Continued
ZOA ID HI Name Survey RA DEC l b ǫJ rKs20fe
JKs20fe
HKs20fe
KsKs20fe
µcJ µcH µcKs E(B − V ) SD
(J2000) [deg] [arcsec] [mag] [mag] [mag] [mag arcsec−2 ] [mag]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
ZOA101220.012-471741.58 2MASX1012-471 2MASS 153.083 −47.295 276.983 7.402 0.81 68.92 11.15 ± 0.02 10.21 ± 0.02 9.76 ± 0.02 16.72 15.89 15.26 0.164 3.478
ZOA073008.083-220105.84 J0730-22 HIZOA 112.534 −22.018 236.817 −1.851 0.77 104.61 11.51 ± 0.02 10.04 ± 0.02 9.79 ± 0.02 17.94 16.76 16.38 1.557 3.695
ZOA075220.625-250840.47 J0752-25A HIZOA 118.086 −25.145 242.052 1.022 0.56 33.38 10.92 ± 0.02 10.17 ± 0.02 9.79 ± 0.02 15.47 14.70 14.35 0.327 3.678
ZOA065010.633-111513.52 J0650-11 HIZOA 102.544 −11.254 222.835 −5.381 0.18 26.46 11.27 ± 0.02 10.36 ± 0.02 9.83 ± 0.02 15.75 14.90 14.42 0.960 3.493
ZOA182226.663-354035.70 J1822-35 HIZOA 275.611 −35.677 357.859 −10.062 0.65 37.90 10.98 ± 0.02 10.14 ± 0.02 9.84 ± 0.02 16.10 15.22 14.79 0.120 4.113
ZOA164634.204-390308.21 J1646-39 HIZOA 251.642 −39.052 344.676 4.067 0.24 39.69 11.94 ± 0.02 10.98 ± 0.02 9.85 ± 0.02 16.67 15.79 15.34 0.990 4.446
ZOA141604.868-651502.53 J1416-65 HIZOA 214.020 −65.250 311.644 −3.821 0.48 36.60 11.23 ± 0.02 10.32 ± 0.02 9.89 ± 0.02 15.77 14.86 14.45 0.662 4.314
ZOA100318.769-645803.19 2MASX1003-645 2MASS 150.828 −64.968 286.322 −7.668 0.58 29.86 10.93 ± 0.02 9.98 ± 0.02 9.90 ± 0.02 15.68 14.93 14.73 0.197 3.759
ZOA105345.693-625013.17 J1053-62 HIZOA 163.440 −62.837 289.956 −2.968 0.67 65.48 11.60 ± 0.02 10.68 ± 0.02 9.90 ± 0.02 17.78 16.80 16.23 0.714 4.234
ZOA080708.583-280309.50 J0807-28 HIZOA 121.786 −28.053 246.266 2.310 0.61 42.80 11.01 ± 0.02 10.29 ± 0.02 9.92 ± 0.02 16.69 16.02 15.56 0.460 3.676
ZOA133732.784-585414.06 J1337-58B HIZOA 204.387 −58.904 308.867 3.436 0.28 33.07 11.33 ± 0.02 10.31 ± 0.02 9.92 ± 0.02 16.20 15.11 14.48 0.937 4.303
ZOA143927.759-552503.43 J1439-55 HIZOA 219.866 −55.418 317.910 4.281 0.22 30.55 11.17 ± 0.02 10.41 ± 0.02 9.97 ± 0.02 16.75 15.92 15.53 0.550 4.110
ZOA105859.839-502155.66 2MASX1058-501 2MASS 164.749 −50.365 285.236 8.603 0.13 24.61 11.03 ± 0.02 10.11 ± 0.02 9.98 ± 0.02 15.41 14.64 14.33 0.246 3.651
ZOA074901.358-261442.69 J0748-26A HIZOA 117.256 −26.245 242.618 −0.182 0.27 26.65 11.49 ± 0.02 10.33 ± 0.02 9.99 ± 0.02 15.56 14.61 14.20 0.619 3.837
ZOA113728.729-644822.59 J1137-644 2MASS 174.370 −64.806 295.162 −3.056 0.21 26.51 11.96 ± 0.02 10.63 ± 0.02 10.00 ± 0.02 16.35 15.00 14.46 1.363 4.252
ZOA082837.437-371316.76 J0828-37 HIZOA 127.156 −37.221 256.391 0.904 0.66 36.26 11.42 ± 0.02 10.46 ± 0.02 10.03 ± 0.02 16.18 15.34 14.99 0.920 3.855
ZOA134456.207-654051.40 J1344-65 HIZOA 206.234 −65.681 308.408 −3.380 0.54 34.10 11.38 ± 0.02 10.47 ± 0.02 10.03 ± 0.02 16.09 15.23 14.68 0.870 4.326
ZOA132159.534-543645.62 2MASX1321-543 2MASS 200.498 −54.613 307.390 7.994 0.73 41.15 11.28 ± 0.02 10.45 ± 0.02 10.04 ± 0.02 16.63 15.84 15.52 0.349 3.786
ZOA164421.521-552937.33 J1644-55 HIZOA 251.090 −55.494 331.917 −6.333 0.83 41.24 11.41 ± 0.02 10.41 ± 0.02 10.04 ± 0.02 16.52 15.54 15.03 0.292 4.129
ZOA140835.888-532111.29 2MASX1408-532 2MASS 212.150 −53.353 314.411 7.790 0.33 33.68 11.00 ± 0.02 10.35 ± 0.02 10.05 ± 0.02 15.50 15.31 15.22 0.424 3.829
ZOA105842.989-501930.65 2MASX1058-501 2MASS 164.679 −50.325 285.177 8.620 0.82 45.60 11.40 ± 0.02 10.53 ± 0.02 10.08 ± 0.02 16.09 15.27 14.73 0.246 3.651
ZOA064400.636+122407.13 J0644+12 HIZOA 101.003 12.402 201.040 4.001 0.65 38.29 11.28 ± 0.02 10.55 ± 0.02 10.09 ± 0.02 15.70 15.07 14.46 0.440 3.409
ZOA182423.339-341054.15 J1824-34 HIZOA 276.097 −34.181 359.399 −9.758 0.36 25.92 11.08 ± 0.02 10.38 ± 0.02 10.09 ± 0.02 15.80 15.05 14.72 0.112 4.079
ZOA154526.828-605931.93 J1545-61 HIZOA 236.362 −60.992 322.508 −4.918 0.49 27.22 11.49 ± 0.02 10.58 ± 0.02 10.10 ± 0.02 16.00 14.97 14.41 0.611 4.140
ZOA123157.581-595058.07 J1231-595 2MASS 187.990 −59.850 300.485 2.930 0.28 28.59 11.50 ± 0.02 10.53 ± 0.02 10.11 ± 0.02 16.27 15.32 15.10 0.803 4.215
Continued on Next Page. . .
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Table 4.2 – Continued
ZOA ID HI Name Survey RA DEC l b ǫJ rKs20fe
JKs20fe
HKs20fe
KsKs20fe
µcJ µcH µcKs E(B − V ) SD
(J2000) [deg] [arcsec] [mag] [mag] [mag] [mag arcsec−2 ] [mag]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
ZOA151113.653-535743.36 J1511-535 2MASS 227.807 −53.962 322.664 3.466 0.12 21.61 11.39 ± 0.02 10.52 ± 0.02 10.11 ± 0.02 15.70 15.03 14.87 0.858 4.316
ZOA085809.386-454812.51 J0858-45A HIZOA 134.539 −45.803 266.544 −0.062 0.30 28.25 12.14 ± 0.02 10.95 ± 0.02 10.12 ± 0.02 17.26 15.87 15.08 2.356 3.890
ZOA085828.676-451630.99 J0858-45B HIZOA 134.619 −45.275 266.181 0.325 0.29 35.29 12.29 ± 0.02 10.94 ± 0.02 10.12 ± 0.02 17.97 16.54 15.77 3.148 3.819
ZOA133724.550-585221.57 J1337-58B HIZOA 204.35229 −58.873 308.855 3.469 0.68 34.33 11.48 ± 0.02 10.51 ± 0.02 10.12 ± 0.02 15.54 14.67 14.28 0.937 4.303
ZOA154710.889-590408.56 J1547-59 HIZOA 236.795 −59.069 323.868 −3.538 0.39 47.97 11.32 ± 0.02 10.70 ± 0.02 10.13 ± 0.02 16.82 15.96 15.48 0.550 4.345
ZOA163617.005-421325.00 J1636-421 2MASS 249.071 −42.224 340.998 3.445 0.39 28.61 11.15 ± 0.02 10.54 ± 0.02 10.13 ± 0.02 16.10 15.30 14.72 1.669 4.401
ZOA165408.098-353438.65 J1653-35 HIZOA 253.534 −35.577 348.325 5.120 0.13 18.68 11.47 ± 0.02 10.68 ± 0.02 10.17 ± 0.02 15.53 15.12 14.29 0.930 4.395
ZOA140627.300-575142.26 J1406-57 HIZOA 211.614 −57.862 312.799 3.566 0.27 32.83 11.57 ± 0.02 10.62 ± 0.02 10.18 ± 0.02 16.46 15.50 15.13 0.628 4.171
ZOA160441.177-413947.62 J1604-41 HIZOA 241.172 −41.663 337.221 7.994 0.35 28.11 11.25 ± 0.02 10.55 ± 0.02 10.18 ± 0.02 16.32 15.53 15.17 0.559 3.887
ZOA090240.287-413502.67 J0902-413 2MASS 135.668 −41.584 263.902 3.328 0.52 28.06 11.53 ± 0.02 10.61 ± 0.02 10.19 ± 0.02 16.09 15.18 14.80 1.000 3.659
ZOA155335.142-614059.08 2MASX1553-614 2MASS 238.396 −61.683 322.836 −6.068 0.74 38.79 11.32 ± 0.02 10.51 ± 0.02 10.20 ± 0.02 16.10 15.50 15.47 0.287 4.020
ZOA182700.997-203159.00 J1826-20 HIZOA 276.754 −20.533 11.924 −4.088 0.70 41.25 11.59 ± 0.02 10.62 ± 0.02 10.20 ± 0.02 16.62 15.62 15.17 0.714 4.688
ZOA140621.248-602544.76 J1406-602 2MASS 211.589 −60.429 312.051 1.109 0.42 22.18 12.47 ± 0.02 10.97 ± 0.02 10.21 ± 0.02 16.55 15.26 14.53 2.962 4.638
ZOA134423.990-522211.32 2MASX1344-522 2MASS 206.100 −52.370 311.087 9.661 0.75 40.16 11.57 ± 0.02 10.64 ± 0.02 10.22 ± 0.02 16.65 15.79 15.43 0.387 3.632
ZOA170643.848-482357.97 2MASXJ1706-4823 2MASS 256.683 −48.399 339.642 −4.607 0.71 28.00 11.68 ± 0.02 10.79 ± 0.02 10.24 ± 0.02 16.10 15.27 14.60 0.747 4.363
ZOA080953.826-414136.58 J0809-41 HIZOA 122.474 −41.694 258.049 −4.600 0.84 66.41 12.03 ± 0.02 10.82 ± 0.02 10.25 ± 0.02 17.66 16.41 15.72 1.049 3.750
ZOA151548.734-600409.37 J1515-60B HIZOA 228.953 −60.069 320.037 −2.083 0.17 32.38 12.09 ± 0.02 10.84 ± 0.02 10.25 ± 0.02 17.56 16.25 15.61 3.113 4.611
ZOA165805.966-211622.32 J1658-21A HIZOA 254.525 −21.273 0.331 13.190 0.12 28.09 11.30 ± 0.02 10.52 ± 0.02 10.27 ± 0.02 16.21 15.52 15.39 0.300 3.667
ZOA105838.725-645044.49 J1058-645 HIZOA 164.661 −64.846 291.308 −4.551 0.16 22.02 11.53 ± 0.02 10.65 ± 0.02 10.28 ± 0.02 15.82 14.93 14.84 0.533 4.122
ZOA160449.497-414301.20 J1604-41 HIZOA 241.206 −41.717 337.204 7.937 0.44 36.21 11.42 ± 0.02 10.71 ± 0.02 10.29 ± 0.02 16.40 15.62 15.24 0.559 3.887
ZOA183155.989-314742.59 J1831-31 HIZOA 277.983 −31.795 2.280 −10.134 0.35 32.63 11.24 ± 0.02 10.57 ± 0.02 10.30 ± 0.02 16.16 15.49 15.21 0.146 4.054
ZOA063556.737+143557.75 J0635+14B HIZOA 98.986 14.599 198.185 3.254 0.20 21.72 11.49 ± 0.02 10.66 ± 0.02 10.31 ± 0.02 15.74 14.92 14.65 0.570 3.529
ZOA120920.790-622912.31 J1209-62 HIZOA 182.337 −62.487 298.092 −0.011 0.36 22.97 13.08 ± 0.02 11.21 ± 0.02 10.31 ± 0.02 17.35 15.59 14.70 3.294 4.553
ZOA141232.785-563433.93 J1412-56A HIZOA 213.137 −56.576 313.972 4.547 0.46 42.52 11.43 ± 0.02 10.62 ± 0.02 10.32 ± 0.02 17.21 16.41 16.07 0.559 4.149
ZOA072653.624-073252.01 J0726-07 HIZOA 111.723 −7.548 223.715 4.362 0.21 27.41 11.00 ± 0.02 10.64 ± 0.02 10.35 ± 0.02 16.59 16.08 15.80 0.240 3.492
ZOA100655.897-450248.59 2MASX1006-450 2MASS 151.733 −45.047 274.892 8.682 0.65 33.97 11.43 ± 0.02 10.72 ± 0.02 10.35 ± 0.02 16.53 15.93 15.52 0.132 3.504
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Table 4.3: Summary of the characteristic properties of the catalogue.
Parameter Mean Max. Min.
ǫJ 0.42 0.90 0.10
rKs20fe [arcsec] 15.57 136.08 0.51
JKs20fe [mag] 14.28 22.08 7.50
HKs20fe [mag] 13.39 22.65 6.49
KsKs20fe [mag] 13.02 23.02 6.09
E(B − V ) [mag] 0.92 12.76 0.09
SD 3.95 5.32 3.28
4.3.2 Data presentation
Table 4.3 and Fig. 4.5 summarize the characteristic properties of the NIR
catalogue. In Table 4.3 we list the mean, maximum and minimum for a number
of parameters. These parameters are as follows:
• J-band ellipticity (ǫJ )
• Ks20 ﬁducial elliptical aperture semi-major axis (rKs20fe)
• J-, H-, andKs-bandKs20 ﬁducial elliptical aperture magnitudes (JKs20fe ,
HKs20fe, and KsKs20fe)
• Galactic extinction as reported by Schlaﬂy & Finkbeiner (2011) (E(B−
V ))
• IRSF stellar density of stars brighter than 14 mag in the Ks band (SD)
Fig. 4.5 shows histograms of all parameters except E(B−V ) and stellar density
which are discussed in detail in the next section as part of the completeness.
The top panels, A, B, and C, of Fig. 4.5 show the distributions in Galactic
longitude, shape and size. Panel A illustrates the success of this work in
unveiling galaxies hidden behind the MW especially in over-dense regions like
Puppis and the GA around 240◦ < l < 270◦ and 300◦ < l < 330◦ respectively.
The drop in the number of sources toward the Galactic bulge is due to the
LV (Kraan-Korteweg et al. 2008, Staveley-Smith et al. 2016). Panel B shows
a fairly ﬂat distribution of galaxy ellipticities, which is consistent with the
expectation of a random sample of disk galaxies. However, for our ﬁnal TF
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J1413-65 [381.6'' x 381.6''] J1514-53 [267.3'' x 267.3''] J0857-39 [207.0'' x 207.0''] J1509-52 [309.6'' x 309.6''] J0817-27 [149.85'' x 149.85'']
J1814-02 [150.75'' x 150.75''] J1222-58 [145.8'' x 145.8''] 2MASX1514-464 [474.75'' x 474.75''] J0949-47A [96.3'' x 96.3''] J1457-54 [90.45'' x 90.45'']
J1145-56 [159.3'' x 159.3''] J1351-58 [108.0'' x 108.0''] J0747-18 [263.25'' x 263.25''] J0722-05 [139.05'' x 139.05''] J0701+01 [167.4'' x 167.4'']
J1431-55 [128.7'' x 128.7''] J0806-27 [328.05'' x 328.05''] J0748-26B [90.45'' x 90.45''] J1632-28 [204.75'' x 204.75''] J1410-65 [153.0'' x 153.0'']
J1555-581 [90.45'' x 90.45''] J0635+11 [90.45'' x 90.45''] J0834-40 [111.6'' x 111.6''] J1327-57 [96.3'' x 96.3''] J0858-42 [165.6'' x 165.6'']
J0724-09 [98.1'' x 98.1''] 2MASX1603-605 [176.4'' x 176.4''] J0949-56 [142.2'' x 142.2''] 2MASX1417-553 [242.1'' x 242.1''] 2MASX1554-612 [90.45'' x 90.45'']
Figure 4.4: Postage stamp images of the brightest 100 galaxies in the catalogue
in order of isophotal Ks20 ﬁducial elliptical aperture magnitude. The colour
composites are generated in the standard fashion: blue – J band, green – H
band, and red – Ks band.
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J1419-58B [90.45'' x 90.45''] J1631-28 [129.6'' x 129.6''] 2MASX1617-581 [90.45'' x 90.45''] 2MASX1016-485 [148.05'' x 148.05''] 2MASX1604-604 [90.45'' x 90.45'']
J0900-39 [119.7'' x 119.7''] 2MASXJ1536-5944 [158.85'' x 158.85''] J1310-57 [90.45'' x 90.45''] J1613-56 [92.7'' x 92.7''] J0742-31 [90.45'' x 90.45'']
J1012-62 [90.45'' x 90.45''] J1621-36 [121.5'' x 121.5''] J0700-11 [90.9'' x 90.9''] J0724-27 [90.45'' x 90.45''] J1815-02 [90.45'' x 90.45'']
J1149-64 [154.8'' x 154.8''] J1416-55B [183.15'' x 183.15''] J0741-22 [212.4'' x 212.4''] J1617-58 [116.1'' x 116.1''] 2MASX1012-471 [189.0'' x 189.0'']
J0730-22 [295.65'' x 295.65''] J0752-25A [90.9'' x 90.9''] J0650-11 [90.45'' x 90.45''] J1822-35 [90.45'' x 90.45''] J1646-39 [90.45'' x 90.45'']
J1416-65 [103.05'' x 103.05''] 2MASX1003-645 [100.8'' x 100.8''] J1053-62 [90.45'' x 90.45''] J0807-28 [150.3'' x 150.3''] J1337-58B [99.9'' x 99.9'']
Figure 4.4: Continued
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J1439-55 [90.45'' x 90.45''] 2MASX1058-501 [145.35'' x 145.35''] J0748-26A [90.45'' x 90.45''] J1137-644 [90.45'' x 90.45''] J0828-37 [128.7'' x 128.7'']
J1344-65 [90.45'' x 90.45''] 2MASX1321-543 [153.9'' x 153.9''] J1644-55 [130.5'' x 130.5''] 2MASX1408-532 [107.1'' x 107.1''] 2MASX1058-501 [179.1'' x 179.1'']
J0644+12 [92.25'' x 92.25''] J1824-34 [90.45'' x 90.45''] J1545-61 [90.45'' x 90.45''] J1231-595 [90.45'' x 90.45''] J1511-535 [90.45'' x 90.45'']
J0858-45A [90.45'' x 90.45''] J0858-45B [90.45'' x 90.45''] J1337-58B [90.45'' x 90.45''] J1547-59 [90.45'' x 90.45''] J1636-421 [90.45'' x 90.45'']
J1653-35 [90.45'' x 90.45''] J1406-57 [90.45'' x 90.45''] J1604-41 [90.45'' x 90.45''] J0902-413 [90.45'' x 90.45''] 2MASX1553-614 [94.95'' x 94.95'']
J1826-20 [90.45'' x 90.45''] J1406-602 [90.45'' x 90.45''] 2MASX1344-522 [139.5'' x 139.5''] 2MASXJ1706-4823 [90.45'' x 90.45''] J0809-41 [222.75'' x 222.75'']
Figure 4.4: Continued
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J1515-60B [90.45'' x 90.45''] J1658-21A [90.45'' x 90.45''] J1058-645 [90.45'' x 90.45''] J1604-41 [90.45'' x 90.45''] J1831-31 [90.45'' x 90.45'']
J0635+14B [90.45'' x 90.45''] J1209-62 [90.45'' x 90.45''] J1412-56A [90.45'' x 90.45''] J0726-07 [90.45'' x 90.45''] 2MASX1006-450 [115.65'' x 115.65'']
Figure 4.4: Continued
sample we use only edge-on galaxies after applying the axial ratio correction
from Said et al. (2015). In panel C we plot a histogram of the distribution
of the Ks20 ﬁducial elliptical aperture semi-major axis. Panel C shows that
only three galaxies in our sample have rKs20fe larger than 100 arcsec and 21
galaxies are larger than 50 arcsec. The largest three galaxies are J1514-53,
2MASX1514-464, and J0730-22 which have rKs20fe of 136, 114 and 104 arcsec,
respectively.
In panels D, E, and F of Fig. 4.5, we show histograms of the J-, H-,
and Ks-band Ks20 ﬁducial elliptical aperture magnitudes. Based on the deep
NIR survey of the Norma Wall (Riad 2010, Kraan-Korteweg et al. 2011), which
used the same instrument with the same setup, we expect similar completeness
limits of J◦ = 15.6, H◦ = 15.3, and K◦s = 14.8 mag in the J , H , and Ks
bands, respectively. However, these limits are only valid for AKs < 1.0 mag
and log(N(Ks<14)/deg
2) < 4.71. Compared to other NIR surveys, this IRSF
survey is 1 mag deeper than 2MASS in the J band and 2 mag deeper in the
Ks band. Moreover, it is only 1 mag shallower than the UKIDSS Galactic
Plane Survey (GPS; Lucas et al. 2008) and VISTA Variables in the Via Lactea
(VVV; Amôres et al. 2012) in the Ks band. In Section 4.5.3 we present a full
comparison with UKIDSS GPS galaxies. The three panels (D, E, and F) of
Fig. 4.5 show that the detection rate drops rapidly for galaxies fainter than
16 mag. However, this survey is not magnitude limited in any sense. Panel F
shows that our survey has 63 galaxies brighter than 10 mag.
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Figure 4.5: Summary of the characteristic photometric properties of the catalogue. The top panels A, B, and C show the distribution
as a function of Galactic longitude, the shape, represented by (ǫJ ) the J-band ellipticity, and size, represented by (rKs20fe) Ks20 ﬁducial
elliptical aperture semi-major axis, of 1044 galaxies in the catalogue. The bottom panels D, E, and F show the distributions of the Ks20
ﬁducial elliptical aperture magnitudes in the J , H , and Ks bands, respectively.
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4.4 Completeness
In this section we discuss the completeness as a function of dust extinction,
stellar density and H I mass. We divided the catalogue into three sub-samples
according to their logarithm H I mass reported by Staveley-Smith et al. (2016).
The ﬁrst column in Fig. 4.6 shows galaxies with logMHI [M⊙] ≥ 9.5. The
second column presents galaxies within the range of 8.5 ≤ logMHI [M⊙] < 9.5.
The third column shows galaxies with logMHI [M⊙] < 8.5.
The top panels in Fig. 4.6 show the completeness as a function of the
IRSF stellar density of stars brighter than 14 mag in the Ks band for the
three sub-samples. The ﬁrst two columns in the top panel show that detection
rate is 100 per cent for massive galaxies (logMHI [M⊙] > 8.5) in regions with
stellar density of log(NKs<14/deg
2) ≤ 4. This detection rate drops to 50 per
cent for regions with log(NKs<14/deg
2) > 4. In contrast, the third column
in the top panel shows that the detection rate of the least massive galaxies
(logMHI [M⊙] < 8.5) is 75 per cent complete in regions of log(NKs<14/deg
2) ≤
4 and only 30 per cent in regions with stellar density of log(NKs<14/deg
2) > 4.
Most of these least massive galaxies are dwarfs and will be excluded from the
TF analysis because they have the highest scatter in the TF relation.
Similar conclusions can be drawn from the bottom panels of Fig. 4.6 which
show the completeness as a function of Galactic reddening along the line of
sight (Schlaﬂy & Finkbeiner 2011). The ﬁrst two columns in the bottom panel
show that the detection rate of the massive galaxies is nearly 90 per cent in
regions of E(B − V ) ≤ 1 mag (AV ≤ 3.1 mag). Furthermore, we can still
detect massive galaxies up to E(B − V ) = 7 mag (AV = 21.7 mag). On the
contrary, the third column in the bottom panel shows that the detection of
the least massive galaxies is not complete anywhere, not even in regions with
E(B − V ) ≤ 1 mag (AV ≤ 3.1 mag).
We note that the measured photometric parameters (e.g, magnitude, size
and shape) will be also aﬀected by these trends and should be corrected before
use in the TF analysis. Riad et al. (2010) discuss the eﬀect of dust extinction
on magnitude and size of galaxies and provide a correction model for extinc-
tion values up to AKs = 3 mag (AV = 25 mag). While Said et al. (2015)
simulate the eﬀect of dust extinction on the shape (ellipticity) of galaxies and
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Figure 4.6: The completeness as a function of stellar density and dust extinction for diﬀerent H I mass ranges. The three columns present
diﬀerent HI mass ranges. The top panels show the completeness as a function of the logarithm of the stellar density of stars brighter
than 14 mag in the Ks band. The bottom panels show the completeness as a function of Galactic reddening along the line of sight. The
outliers marked with the red circles are due to low numbers of galaxies in these two bins.
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also provide a correction model to reproduce the intrinsic axial ratio from the
observed value up to extinction levels of AJ = 3 mag (AV = 11 mag). These
corrections will be used to correct the magnitudes, sizes and shapes of galaxies
before use in the TF analysis.
4.5 Counterparts and Comparisons
In this section we discuss the counterparts of our survey. We present the
conﬁrmed HIZOA counterparts then check for counterparts in the 2MASX
(Jarrett et al. 2000) and UKIDSS GPS (Lucas et al. 2008) surveys. We also
present a comparison of our photometry with both the shallower 2MASX and
the deeper UKIDSS GPS surveys.
4.5.1 HIZOA counterparts
The pixel size of the ﬁnal HIZOA cubes of 4 arcmin in RA and DEC makes
the IRSF perfect for the follow-up observations given its 8.6×8.6 arcmin2 ﬁeld
of view (after dithering). Centering the NIR camera on the HIZOA position
has a high probability of locating the counterpart in the image. Thus, the
detection of these H I sources depends only on their H I mass and the stellar
density and dust extinction of the region in which they lie. Some NIR ﬁelds
contain more than one possible counterpart to the H I galaxy and therefore
need more attention. All sources identiﬁed as H I sources in the NIR ﬁelds were
inspected by eye and information from their H I proﬁles used to identify the
H I counterpart. A galaxy with double-horn H I proﬁle was normally identiﬁed
as an edge-on galaxy in the NIR image, while a galaxy with a Gaussian proﬁle
was usually identiﬁed with a face-on galaxy in the NIR image.
The ﬁnal NIR catalogue contains counterpart galaxies to 674 sources from
all three HIZOA catalogues (HIZOA-S; Staveley-Smith et al. 2016, HIZOA-N;
Donley et al. 2005, GB; Kraan-Korteweg et al. 2008). A single counterpart
was found for 527 galaxies, while more than one counterpart was found for 147
galaxies.
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Figure 4.7: A comparison between theKs-bandKs20 ﬁducial elliptical aperture
magnitudes in this catalogue and the same parameter reported in the 2MASX
catalogue.
4.5.2 2MASS counterparts
Of the 1044 NIR galaxies in the ﬁnal catalogue, 285 have counterparts in the
2MASX catalogue (180 HIZOA plus 105 2MASS). We used a search radius of
only 1 arcsec because of the high positional accuracy of both 2MASS and the
IRSF. In Fig. 4.7 we compare our measured Ks-band Ks20 ﬁducial elliptical
aperture magnitudes with the same parameter from the 2MASX catalogue
(Jarrett et al. 2000; 2003) for these 285 galaxies.
Fig. 4.7 shows good agreement between the Ks20 measured for this cat-
alogue and the same parameter reported in the 2MASX catalogue. Small
systematic deviations are visible for both faint galaxies (> 14 mag) marked as
blue circles and bright galaxies (< 9 mag) marked as red circles. The devia-
tion for bright galaxies is due to the diﬀerence of the pixel scale between these
two instruments. The IRSF has pixel scale of 0.45 arcsec pixel−1 compared
to 2.0 arcsec pixel−1 for the 2MASX survey. Small, faint stars superimposed
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Figure 4.8: A detailed comparison between the Ks-band Ks20 ﬁducial elliptical
aperture magnitudes in this catalogue and the same parameter reported in the
2MASX catalogue.
on bright galaxies can not be resolved by 2MASX. Thus, the magnitudes of
these galaxies are over-estimated because these stars are not subtracted from
the image before measuring the photometry. The high resolution of the IRSF
instrument leads to more eﬀective star-subtraction and thus more accurate
photometry which is vital when working in the ZOA. The deviation for faint
galaxies is a bias due to the completeness limit of 2MASX. The scatter should
to be on both sides of the one-to-one line but there are no 2MASX galaxies
fainter than 14 mag. A detail comparison is also shown in Figure 4.8.
The uncertainties on the delta magnitude is calculated using the propaga-
tion of error.
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Figure 4.9: A comparison between the Ks-band Ks20 ﬁducial elliptical aper-
ture magnitudes measured from the IRSF images and the same parameter
measured from the UKIDSS GPS images using a modiﬁed version of the IRSF
photometry pipeline. The solid line is the one-to-one line.
4.5.3 UKIDSS counterparts
The UKIDSS GPS (Lucas et al. 2008) overlaps with the HIZOA survey in the
northern extension published by Donley et al. (2005). We used the publically
accessible UKIDSS DR8 plus data release to search for counterparts. Given
the high positional accuracy of both the IRSF and UKIDSS GPS, the minimum
available search radius of 3 arcsec was used. We found 30 conﬁrmed counter-
parts in the UKIDSS GPS survey. A modiﬁed version of our IRSF photmetry
pipeline was used to consistently measure the photometric parameters for these
galaxies from the UKIDSS GPS images.
Fig. 4.9 shows the comparison between the Ks-band Ks20 ﬁducial elliptical
aperture magnitudes measured from the IRSF images and the same param-
eter measured from the UKIDSS GPS images. The solid line in Fig. 4.9
is the one-to-one line. Excellent agreement between the IRSF and UKIDSS
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GPS photometry can be seen. The pixel scale for the UKIDSS GPS images
is 0.4 arcsec pixel−1, which is comparable to the IRSF pixel scale of 0.45 arc-
sec pixel−1. The average seeing of 1.54 arcsec for the UKIDSS GPS images
used in this comparison is similar to that of 1.38 arcsec for the IRSF survey.
This agreement shows that the IRSF imaging does not suﬀer from foreground
contamination, even after star removal, nor does it adversely under-estimate
the isophotal ﬂux of the ZOA galaxies. It is satisfying to see this agreement
between photometric parameters because we plan to extend the current TF
project to the northern ZOA using the UKIDSS GPS survey along with H I
data from the Nançay Radio Telescope.
4.6 Summary
In this chapter, we present the observations, data reduction and ﬁnal catalogue
for 1044 NIR galaxies, in the J , H , and KS bands, in the southern ZOA. The
observations were conducted between 2006 and 2013 using the IRSF, a 1.4-
m telescope situated at the South African Astronomical Observatory site in
Sutherland. This resulted in observations of all galaxies in the three blind
systematic deep HIZOA surveys (Donley et al. 2005, Kraan-Korteweg et al.
2008, Staveley-Smith et al. 2016).
The quality of the images is discussed in detail. The survey has an aver-
age seeing and zero point magnitude of 1.38 arcsec and 20.1 mag in the Ks
band, respectively. These values agree well with those from previous surveys
done with the same instrument (Riad 2010). The mean error of the measured
isophotal magnitudes is 0.02 mag which is suﬃcient for the TF analysis.
The completeness as a function of stellar density and dust extinction was
found to be dependent on the H I mass of each galaxy. The detection rate
was found to be 100 per cent for massive galaxies (logMHI [M⊙] > 8.5) in
regions with stellar density of log(NKs<14/deg
2) ≤ 4. However, for small
galaxies (logMHI [M⊙] < 8.5) the detection rate is 75 per cent in regions of
log(NKs<14/deg
2) ≤ 4. This detection rate drops to 50 per cent and 30 per
cent for regions within log(NKs<14/deg
2) > 4 for massive and small galax-
ies, respectively. The same conclusion was found for the detection rate as a
function of dust extinction. Although the detection rate was high for massive
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galaxies in regions up to E(B − V ) = 1 mag (Av = 3.1 mag), it was very low
for small galaxies even in regions with very low dust extinction.
We identiﬁed 674 galaxies in the ﬁnal NIR catalogue that have conﬁrmed
counterparts in the three HIZOA catalogues. Counterparts from similar NIR
surveys are presented. We found 285 2MASX galaxies have counterparts in
our ﬁnal catalogue. However, only 30 galaxies in the UKIDSS Galactic Plane
Survey have counterparts in our ﬁnal NIR catalogue because UKIDSS GPS
only overlaps with our survey in its northern extension.
A comparison of our IRSF pointed observations with the 2MASX and
UKIDSS GPS surveys was performed for these galaxies. We found good
agreement between the Ks-band Ks20 ﬁducial elliptical aperture magnitude
presented in this chapter and the same parameter reported in the 2MASX
catalogue. We detect only small deviations for both faint galaxies (> 14 mag)
and bright galaxies (< 9 mag). The deviation for bright galaxies is due to the
diﬀerence of the pixel scale between IRSF and 2MASX instruments. While
the deviation for the faint galaxies is a bias due to the completeness limit of
2MASX.
Good agreement was found between the Ks-band Ks20 ﬁducial elliptical
aperture magnitudes measured from the IRSF data and the UKIDSS GPS
data. This agreement conﬁrms that the IRSF images are of equal quality to
the UKIDSS GPS images, which are one magnitude deeper. This indirectly
implies that IRSF photometry does not suﬀer from foreground contamination,
after star removal, nor does it under-estimate the isophotal ﬂux of the ZOA
galaxies. The measurement of UKIDSS photometry is regarded as a pilot
project of our TF survey in the northern ZOA.
This chapter is the third in a series towards the full ZOA TF analysis.
The data presented here will be used with the recently calibrated TF relation
in Said et al. (2015) as well as the H I data presented in Said et al. (2016)
to derive distances and peculiar velocities for inclined spiral galaxies in the
southern ZOA. An extension of this project into the northern ZOA already
started last year with the H I observations of bright inclined 2MASS galaxies
using the Nançay Radio Telescope.
Chapter 5
H I mass function and peculiar
velocities in the southern ZOA
In this Chapter, we use the calibrated Tully-Fisher relation, the deep NIR
(J , H , and Ks-band) imaging, and the high signal-to-noise H I data to derive
distances and peculiar velocities for a homogeneous sample of inclined spiral
galaxies located behind the dust and stellar density of our own Galaxy. This
sample consists of 287 galaxies covering the whole southern Zone of Avoidance
(|b| < 5◦), out to redshift z ∼ 0.03. We construct the H I mass function using
both 1/Vmax and the two-dimensional stepwise maximum likelihood methods.
873 galaxies in the HIZOA survey that meet our selection criteria are included
in the derivation of this H I mass function. The ﬁnal parameters of the H I
mass function are α = −1.30 ± 0.05, log(M∗HI/M⊙) = 9.97 ± 0.04, and φ∗ =
(5.2± 0.8)× 10−3 Mpc−3. Comparisons of these parameters with values from
the literature show that the faint-end slope agrees within the uncertainties
with both ALFALFA and HIPASS surveys, while the knee of the H I mass
function agrees better with the ALFALFA survey than the HIPASS survey.
The H I mass function allows predictions for the Malmquist bias. We also
present the distribution of the derived logarithmic distance ratio log(dz/d∗TF )
and its associated error. The distribution of the logarithmic distance ratio
is almost a Gaussian centered around log(dz/d∗TF ) = 0.1 with more positive
peculiar velocities than the 2MTF distribution which is also Gaussian but
centered around log(dz/d∗TF ) = 0.0. The associated errors are smaller than
the 2MTF errors because of the deeper and higher angular resolution of the
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IRSF observations compared to 2MASS. We use these peculiar velocities to
describe the motion of galaxies in and around the three major LSS feature in
the HIZOA survey, i.e. Puppis, the GA, and the LV. We ﬁrst review the three
most prominent large-scale structures in the southern ZOA, in particular what
was newly learned about them from the HIZOA redshift survey. We map the
peculiar velocity ﬁeld around these structures out to redshift z ∼ 0.03. We
ﬁnd an indication of outﬂow in the Puppis region, clear infall into the Great
Attractor, and draining of the Local Void. The here derived velocity ﬁeld is
compared to the 2MTF observations, 2MRS, and PSCz reconstructions.
5.1 Introduction
The Hubble law states that the recession velocity of a galaxy is directly pro-
portional to its distance:
cz = H0r, (5.1)
where cz is the recession velocity of that galaxy, r is its distance, and H0
is the Hubble parameter, whose value remains as a source of ambiguity be-
tween the local measurements (H0 = 73.24± 1.74 km s−1 Mpc−1; Riess et al.
2011; 2016, Efstathiou 2014) and the model-dependent measurements from the
Planck temperature data (H0 = 67.8 ± 0.9 km s−1 Mpc−1; Planck Collabora-
tion et al. 2014a; 2016). However, we do not live in a perfectly smooth and
homogeneous universe and most of the galaxies in the Universe violate this
law by having velocities above or below their expected Hubble velocities. This
can be accommodated in a modiﬁed Hubble law as follows:
cz = H0r + rˆ · [v(r)− v(0)], (5.2)
where rˆ is the unit vector in the direction of that galaxy, v(r) the galaxy pe-
culiar velocity, and v(0) is the observer peculiar velocity in the same reference
frame. Peculiar velocities arise as a result of the gravity of over-dense regions
formed by the gravitational instability of tiny initial perturbations in the uni-
form background. In linear perturbation theory the density ﬂuctuations are
small,
δ(r) =
ρ(r)− ρ0
ρ0
< 1 (5.3)
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where δ is the density contrast, ρ is the mass density ﬁeld, and ρ0 is the mean
mass density. In this regime, peculiar velocities are directly proportional to
the gravitational acceleration (Peebles 1980; 1993, Strauss & Willick 1995):
v(r) =
H0f
4π
∫
d3r′δ(r′)
r′ − r
|r′ − r|3 , (5.4)
with km s−1 as the unit for distance which makes Hubble parameter in Eq.
5.4 equal to unity. f is the growth rate of the perturbations∗. Equation 5.4
shows that through measurement of the peculiar velocities we can imply the
ﬂuctuation of the mass density and the growth of the perturbations.
Following Lahav et al. (1991) the growth rate f can be parametrized as a
function of the cosmological density parameter Ω and the cosmological constant
Λ
f(Ω,Λ)z=0 = Ω
γ +
Λ
210H20
(1 +
Ω
2
) (5.5)
where for a ﬂat Λ cold dark matter model, γ = 0.55 (Wang & Steinhardt 1998).
Therefore, in addition to obtaining constraints on cosmological parameters we
can search for other alternative models of gravity.
In this Chapter we aim to measure distances and peculiar velocities to all
inclined spiral galaxies in the southern ZoA that have high-quality NIR images
and robustly determined H I proﬁles. This will form the ﬁrst part of the main
project of providing the ﬁrst ever truly all-sky peculiar velocity survey by
combining data from this thesis and data from the northern ZoA with the
2MTF data. By the end of this project we wish to give a deﬁnite answers to
two main questions:
1. Whether the bulk ﬂow resulting from our all-sky, large, and homogeneous
sample is consistent with the predictions from the Λ cold dark matter
model (Nusser & Davis 2011, Turnbull et al. 2012, Hong et al. 2014,
Scrimgeour et al. 2016) or we do not live in Λ cold dark matter universe
and should test alternative models (Kashlinsky et al. 2008, Watkins et al.
2009, Feldman et al. 2010)
2. Whether the discrepancy between the dipole of the CMB which is a
∗The derivation of equation 5.4 from the continuity equation can be found in Peebles
(1993) (section gravitational instability in Chapter 5) or in Strauss & Willick (1995) (Section
2.2)
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Doppler eﬀect due to the Sun’s motion (Hinshaw et al. 2009, Planck
Collaboration et al. 2014b) and the peculiar velocity induced from an
all-sky sample is because of the ZoA (Kraan-Korteweg & Lahav 2000,
Loeb & Narayan 2008) or is it because of the depth of surveys Bilicki
et al. (2011), Nusser et al. (2014) or both (Kraan-Korteweg et al. 2017).
This Chapter is organized as follows: In Sect. 5.2 a brief summary of
the newly calibrated Tully-Fisher relation and its associated intrinsic scatter
is presented. In Sect. 5.3, we discuss the H I and NIR ZOA data sample
which will be used in our calculations. Sect. 5.4 presents our method of
calculating the distances and peculiar velocities which includes a discussion of
the Malmquist bias correction method. The latter is based on the derivation
of the HIZOA H I mass function and the completeness of our sample. We
further present the compilation of TF-based distances and peculiar velocities
of southern ZOA galaxies after applying correction of all statistical biases. In
Sect. 5.5 we review the large-scale structures in the southern ZOA that were
uncovered with the HIZOA survey. In Sect. 5.6 we present the velocity ﬁeld
around these major large-scale structures in our ZOA-TF sample. In Sect. 5.7
we discuss the resulting ﬂow ﬁelds and compare it to the predicted velocity ﬁeld
from reconstructions, such as 2MRS and PSCz. Our results are summarized
in Sect. 5.8.
5.2 Tully-Fisher Template Relation
In Chapter 2, we re-calibrated the Tully-Fisher relation using the isophotal
magnitudes in J , H , and Ks-band of 888 galaxies (Said et al. 2015). The
isophotal TF re-calibration is necessary because most of the published TF re-
lations are based on total magnitudes which are not attainable in the ZoA (or
other dust obscured areas) because of dust extinction and high stellar den-
sity. While the sample used for the calibration contains only galaxies at high
Galactic latitudes, all parameters and methods should be consistent with the
sample used for the measurements of TF-based distances and peculiar veloci-
ties. After applying all corrections for magnitudes and H I 21-cm linewidths,
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Said et al. (2015) found the ﬁnal isophotal TF relations to have the form:
MJ − 5 log h = −20.951− 9.261(logW − 2.5), (5.6a)
MH − 5 log h = −21.682− 9.288(logW − 2.5), (5.6b)
MKs − 5 log h = −21.861− 10.369(logW − 2.5). (5.6c)
After very careful considerations of all sources of uncertainty in the above
relations the intrinsic scatter of these relations have the form of:
ǫint,J = 0.46− 0.90(logW − 2.5), (5.7a)
ǫint,H = 0.47− 0.94(logW − 2.5), (5.7b)
ǫint,Ks = 0.46− 0.83(logW − 2.5). (5.7c)
Equations 5.6 & 5.7 will be used as a benchmark or standard tool in deriving
the distances and peculiar velocities of galaxies in our ZOA-TF sample as
introduced in the coming section. Equation 5.7 demonstrate that the actual
intrinsic scatter of the isophotal TF is smaller than the one based on total
magnitudes for low surface brightness galaxies (detailed comparison can be
found in Chapter 2).
5.3 ZOA DATA
The required two sets of raw data to calculate the TF based distances and
peculiar velocities are:
1. H I 21-cm observations of spiral galaxies in the ZOA from which to extract
the redshift and the rotational velocity
2. follow-up deep NIR imaging of the H I sources to measure the apparent
magnitude of each galaxy.
The coming subsections present the corrections that needed to be made to ar-
rive at the data set that is consistent with the parameters for the NIR isophotal
TF calibration.
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5.3.1 H I data
The ﬁrst data set is the 21 cm H I-line spectra of 394 inclined, (b/a)◦ < 0.5,
spiral galaxies selected from the HIZOA survey (Staveley-Smith et al. 2016)
was put together by re-observing a substantial sub-sample of galaxies using
the narrow band on Parkes radio telescope to improve the velocity resolution
(Said et al. 2016). The average signal-to-noise ratio for this H I survey was
14.7 which is adequate for TF studies.
Five diﬀerent types of line-widths are measured, which are:
1. WP20: the linewidth at 20% of the peak ﬂux−rms,
2. WM50: the linewidth at 50% of the mean ﬂux,
3. WP50: the linewidth at 50% of the peak ﬂux−rms,
4. WF50: the linewidth at 50% of the peak ﬂux−rms, measured with a
polynomial ﬁt to both sides of the proﬁle,
5. W2P50, the linewidth at 50% of the peak ﬂux−rms measured at each of
the two peaks.
The full presentation of this data set can be found in Chapter 3 of this
thesis. To be consistent with the calibration method, we used the linewidth
WF50 and the equation given by Springob et al. (2007) to correct for inclination:
W = [
wF50 −∆s
1 + z
−∆t] 1
sin i
(5.8)
where ∆t is the amount of turbulent motion and ∆s is the instrumental cor-
rection. For the fraction of turbulent motion, ∆t = 6.5 km s−1 is used, and for
the instrumental correction ∆s = 2∆vλ (Springob et al. 2005). The parameter
λ is a piece-wise deﬁned function of signal-to-noise ratio (SNR) and channel
separation:
λ = λ1(∆v) log(SNR) < 0.6, (5.9a)
λ = λ2(∆v) + λ
′
2(∆v)log(SNR) 0.6 < log(SNR) ≤ 1.1, (5.9b)
λ = λ3(∆v) log(SNR) > 1.1. (5.9c)
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Table 5.1: Velocity width instrumental correction parameters
(∆v) Smoothing λ1(∆v) λ2(∆v) λ
′
2
(∆v) λ3(∆v)
(km s −1)
< 5 H 0.005 −0.468 0.785 0.395
5-11 H 0.04∆v − 0.18 0.05∆v − 0.72 −0.03∆v + 0.92 0.02∆v + 0.28
> 11 H 0.227 −0.1523 0.623 0.533
< 5 B 0.020 −0.4705 0.820 0.430
5-11 B 0.05∆v − 0.24 0.04∆v − 0.67 0.02∆v + 0.72 0.06∆v − 0.12
> 11 B 0.332 −0.2323 0.940 0.802
Table 5.1 shows the values of λ as given in (Springob et al. 2005). The incli-
nation i is derived from the J-band ellipticity ǫJ = 1− (b/a)J via
cos2i =
(1− ǫ)2 − q20
1− q20
(5.10)
following Giovanelli et al. (1997). The parameter (a/b)J is the J-band axial
ratio ﬁt to the 3σ isophote (the isophote which corresponds to a surface bright-
ness that is ∼ 3 times above the background noise). The J-band axial ratio
(b/a)J is the best tracer of the inclination, it suﬀers less from the eﬀect of the
bulge than the H , and Ks-bands when the 3 σ isophote is close to the center
(Masters et al. 2003).
Additionally, the peculiar velocities need to be in the CMB frame. We
transform the heliocentric velocity vhel to vCMB using the model given by Fixsen
et al. (1996):
vCMB = vhel + vapex[sin b sin bapex + cos b cos bapex cos(l − lapex)] (5.11)
where vapex = 371.0 km s−1, lapex = 264.◦14, and bapex = 48.◦26 are the velocity
and Galactic coordinates of the apex vector describing the relative motion of
the Sun with respect to the CMB.
5.3.2 NIR data
The second data set consists of the deep NIR photometric imaging of all the
HIZOA galaxies. Said et al. (2016) presents a deep near-infrared (NIR; J , H ,
and Ks bands) photometric catalogue of sources from the Parkes H I Zone of
Avoidance (HIZOA) survey. Observations were conducted of over a thousand
galaxies using the Japanese Infrared Survey Facility (IRSF), a 1.4-m telescope
situated at the South African Astronomical Observatory site in Sutherland.
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Full representation of this data set can be found in Chapter 4. The corrections
to the absolute magnitudes is calculated in the same manner as for the template
relations as:
Mcorr − 5logh = mobs −AX − IX − kX − 5logvCMB − 15, (5.12)
where the parameters AX , IX , and kX indicate corrections to extinction due to
dust in our Galaxy, internal extinction to the galaxy itself, and a cosmological
k-correction, respectively.
For Galactic extinction we used the correction provided in Riad et al.
(2010). For internal extinction, we used the correction from Said et al. (2015).
For the k-correction we used the procedure given by Poggianti (1997) and used
by Masters et al. (2008) and Said et al. (2015). The correction model for the
axial ratio b/a due to dust extinction derived by Said et al. (2015) is also ap-
plied. Additional corrections for the morphological type dependence adopted
(Said et al. 2015).
5.4 TF based distances and peculiar velocities
With the above mentioned three ingredients in hand, the absolute magnitude
can be derived from the rotational velocity with the template relation. This
then leads to a distance independent of redshift using the distance modulus.
5.4.1 Calculating the logarithmic distance ratio
Following Hong et al. (2014) and Springob et al. (2016), we work with the
logarithmic distance ratio instead of the linear peculiar velocities because the
distance errors are log-normal. We deﬁne the logarithmic distance ratios to
have the form of:
log(dz/d∗TF ) =
−∆M
5
, (5.13)
where ∆M = Mobs − M(W ). Figure 5.1 shows the TF relations in the J ,
H , and Ks-band from which we calculate ∆M . The dashed lines in the three
panels are the three template TF relations in J , H , and Ks bands (equations
5.6). The dark shaded area shows the intrinsic scatter in the TF relations
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(equations 5.7) and the light shaded area denotes three times the intrinsic
scatter, ±3ǫint. In Figure 5.1 we cut out outlier galaxies from our sample, i.e.
the one beyond 3σ.
d∗TF is the distance to the galaxy derived from the TF relation, it is not yet
corrected for selection bias. The corresponding distributions of the uncorrected
logarithmic distance ratio log(dz/d∗TF ) in J, H, and Ks bands are shown in
Fig. 5.2. This ﬁgure shows that the distributions in all three bands are almost
identical with the peak between 0.0 and 0.1 and the median value for the
log(dz/d∗TF ) are 0.05, 0.04, and 0.05 for J, H, and Ks bands, respectively. For
the rest of this Chapter, we will combine the three bands by using the median.
Figure 5.3 shows a histogram of the distribution of the logarithmic distance
ratio derived by combining three wavebands J , H , and Ks for each galaxy, it
is not yet corrected for the selection bias.
We used the propagation of errors to calculate the error on the logarithmic
distance ratios log(dz/d∗TF ):
σlog(dz/d∗TF ) =
σ∆M
5
(5.14a)
σ2∆M = σ
2
M + σ
2
M(W ) (5.14b)
σ2M = σ
2
obs + (
5
vCMBln10
)2σ2vCMB (5.14c)
σ2W = (
1
1 + z
)2σ2WF50 + (W
cosi
sini
)2σ2i (5.14d)
σ2i = (
1− ǫ
1− q20
1
cosisini
)2σ2ǫ (5.14e)
σ2M(W ) = (
b
W ln10
)2σ2W + ǫ
2
int. (5.14f)
Figure 5.4 shows the distribution of the error of the logarithmic distance
ratios log(dz/d∗TF ) uncorrected for the selection bias, derived by combining
data from all three wavebands J , H , and Ks.
5.4.2 H I mass function and Malmquist bias Correction
The logarithmic distance ratios log(dz/d∗TF ) derived in the previous subsection
and its associated errors are subject to Malmquist bias and careful corrections
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Figure 5.1: Tully-Fisher relation for the ZOA galaxies. The dashed line denotes
the TF relations in J , H , and Ks-band (equations 5.6). The dark shaded area
shows the intrinsic scatter (equations 5.7) and the light shaded area represents
three times the TF intrinsic scatter.
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Figure 5.2: The distribution of the uncorrected logarithmic distance ratio
log(dz/d∗TF ) in J, H, and Ks bands. The median value of the logarithmic
distance ratio log(dz/d∗TF ) in each band is printed on the left-hand side of each
panel.
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Figure 5.3: The distribution of the uncorrected logarithmic distance ratio
log(dz/d∗TF ) derived by combining all three wavebands J , H , and Ks, i.e. for
each galaxy we use the median of the three peculiar velocity measurements.
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Figure 5.4: The distribution of the uncorrected error of the logarithmic dis-
tance ratios log(dz/d∗TF ) derived by combining all three J , H , and Ks wave-
bands.
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are needed before using them for any cosmological applications. There are
two types of Malmquist bias: the inhomogeneous Malmquist bias and the
homogeneous Malmquist bias. Working in redshift space instead of real space
makes the inhomogeneous Malmquist bias negligible (Strauss & Willick 1995).
In this section we will deal only with the homogeneous Malmquist bias.
This type of selection bias is a consequence of two eﬀects: (1) volume eﬀect
and (2) selection eﬀect (see, Springob et al. 2016 for more details about both
eﬀects). We adopt a similar procedure as used in the 2MTF, i. e., construct
an H I mass function (instead of a luminosity function) and calculating the
fraction of the sample that is included in our ﬁnal TF sample for a given H I
ﬂux bin (instead of magnitude bin).
Derivation of the HIZOA H I mass function
We use the H I mass function because our sample is based on a systematic
H I survey, i.e., HIZOA. We derive the H I mass function for all galaxies in
the HIZOA survey that meet our selection criteria. The HIZOA survey has
been previously characterised with three completeness limits: (1) ﬂux limit,
(2) mean ﬂux density limit and (3) the hybrid limit (see Table 4 in Staveley-
Smith et al. 2016). We used the V/Vmax-test (Schmidt 1968) to measure the
uniformity of the galaxy distribution within the survey volume for each limit.
The mean of the statistic V/Vmax was 0.407±0.009, 0.454±0.009, and 0.344±
0.008 for ﬂux limit, mean ﬂux density limit, and the hybrid limit, respectively.
The expected mean V/Vmax value for a complete and homogeneous sample is
0.5. Values smaller than 0.5 mean that the sample is more incomplete at larger
distances than at lower distances or that the galaxy density is lower.
The 1/Vmax (Schmidt 1968) method has been widely used because of its
simplicity. The number density of galaxies is simply calculated by summing
the 1/Vmax in bins of H I masses as follows:
φ(MHI)j =
1
∆MHI
∑ 1
Vmax,i
, (5.15)
where φ(MHI)j is the number density of galaxies in bin j = 1, 2, ......, NMHI
and NMHI is the number of bins of H I masses. Vmax,i, is the maximum volume
a galaxy i = 1, 2, ......, Ng can be detected in and calculated as
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Vmax,i =
4πfsky
3
(
MHI,i
2.356× 105SlimW50,i
)3/2
(5.16)
Slim = 22 mJy represents the mean ﬂux density completeness limit of the
HIZOA survey (Donley et al. 2005, Staveley-Smith et al. 2016), fsky is the
fraction of the sky covered by the survey, and MHI,i is given by,
MHI,i = 2.356× 105D2iFHI,i, (5.17)
where Di is the distance in megaparsecs and FHI,i is the ﬂux integral.
We ﬁt a Schechter function (Schechter 1976) of the form:
Φ(MHI) = ln10φ∗(
MHI
M∗
)α+1e−
MHI
M∗ , (5.18)
to the derived H I mass function. The best ﬁt parameters are α = −1.35±0.04,
log(M∗HI/M⊙) = 9.94± 0.24, and φ∗ = (10.65± 4.11)× 10−3 Mpc−3.
The main problem of the 1/Vmax method is its sensitivity to large-scale
structures because it assumes that galaxies are uniformly distributed in space.
The HIZOA survey is far from uniform because it encompasses many large-
scale structures such as the Great Attractor and the Local Void. This means
that these structures will aﬀect each bin in diﬀerent ways. Therefore, we also
derived the HIMF using the two-dimensional stepwise maximum likelihood
method (2DSWML: Loveday 2000, Zwaan et al. 2003; 2005).
The 2DSWML method is independent of density ﬂuctuations. This method
ﬁnds the maximum likelihood solutions for the number density of galaxies φjk
as a function of H I mass and velocity width by iterating from an initial guess
as:
φjk =
Ng∑
i=1
δ(Mi −Mj,Wi −Wk)
Ng∑
i=1
Hijk∆M∆W
NM∑
l=1
NW∑
m=1
φlmHilm∆M∆W
, (5.19)
where δijk is a function equals one if a galaxy i belongs to the H I mass bin j
and velocity width bin k, and equals zero otherwise. The function Hijk equals
the fraction available of the bin jk in which a galaxy i resides (Zwaan et al.
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2003).
Equation 5.19 can be interpreted in diﬀerent ways. The denominator for
example, presents the eﬀective volume available to galaxies in bin jk, and can
be modiﬁed to ﬁnd the eﬀective volume available to each galaxy as in Zwaan
et al. (2005). Marginalizing Eq. 5.19 over the velocity width W gives the H I
mass function (Martin et al. 2010, Jones et al. 2016) while marginalizing over
the H I mass MHI gives the velocity width function (Papastergis et al. 2011).
In this Chapter I will focus only on the HIMF.
We used Eq. 5.19 to evaluate the eﬀective volume available to each single
galaxy that meets the selection criteria of the TF analysis after applying the
completeness function of the HIZOA survey. Figure 5.5 shows the galaxy
density distribution in the MHI −W50 plane colour-coded by the reciprocal of
the eﬀective volume available to each galaxy in logarithmic scale. There is a
clear strong correlation between the line-width and the eﬀective volume. The
histogram of the line-width on the right-hand side of the plot shows that our
sample contains a fair distribution of large and small galaxies in a Gaussian
shape.
We then marginalized φjk over the velocity width to calculate the HIMF
as:
φj =
NW∑
k=1
φjk∆W (5.20)
Figure 5.6 shows the result of this process. The dots present the number
space density in H I mass bins, the solid line is the best ﬁt Schechter function
of the form presented in Eq. 5.18, and the error bars are the Poisson errors.
The ﬁnal parameters of the H I mass function are:
• α = −1.30± 0.05
• log(M∗HI/M⊙) = 9.97± 0.04
• φ∗ = (5.2± 0.8)× 10−3 Mpc−3
The normalization is not needed for the Malmquist bias correction. For com-
parison, we add to Fig. 5.6 the Zwaan et al. (2003) results as a dotted line
and Martin et al. (2010) as a dashed line. The faint-end slope derived here
agrees, within the uncertainty, with both Zwaan et al. (2003) and Martin et al.
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Figure 5.5: Galaxy density distribution in the MHI −W50 plane. Each dot
presents a galaxy colour-coded by the reciprocal of the eﬀective volume in
which it can be found. This eﬀective volume is calculated via the two-
dimensional stepwise maximum likelihood method.
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Figure 5.6: HIZOA H I mass function derived via the two-dimensional step-
wise maximum likelihood method. For comparison, the H I mass function of
HIPASS BGC (dotted line; Zwaan et al. 2003) and ALFALFA 40% (dashed
line; Martin et al. 2010) are displayed as well.
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(2010) but not with Zwaan et al. (2005) who derives a steeper slope. Again
the knee of the H I mass function derived here agrees with the Martin et al.
(2010) results but neither with Zwaan et al. (2003) nor Zwaan et al. (2005),
see Fig. 5.6. This is because the HIZOA survey is 2 − 3 times more sensitive
than HIPASS (Staveley-Smith et al. 2016). The diﬀerence between 1/Vmax and
2DSWML parameters conﬁrms the Martin et al. (2010) results that the eﬀect
of the large-scale structure correction is very small on log(M∗HI/M⊙) but are
10% on α and 30% on φ∗.
For the rest of this Chapter we will restrict our analysis to the 2DSWML
results.
Completeness
Completeness is the fraction of the target sample compared to all of the HIZOA
galaxies that meet our selection criteria for a given ﬂux bin. Figure 5.7 shows
histograms of the initial sample (dark-gray) compared to the ﬁnal observed
sample (light-gray). We have only plotted galaxies above the HIZOA ﬂux
limit.
We calculate the fraction as a function of ﬂux bin and ﬁt a quadratic func-
tion to the points. We smooth our data before ﬁtting the quadratic function
using 3.5σ clipping procedure. Figure 5.8 shows the completeness as a func-
tion of ﬂux density, with the best quadratic ﬁt. This ﬁgure shows a perfect ﬁt
except for two points at 1.4 and 1.6 Jy km s−1 which are marked as outliers
by the 3.5σ clipping ﬁtting procedure.
Applying the Malmquist bias correction
For each galaxy we derived the probability distribution of the uncorrected
logarithmic distance ratio assuming a normal distribution with 1σ of error.
For each logarithmic distance we weight the probability by the reciprocal of
the completeness integrated over the H I mass function, evaluated at the log-
arithmic distance in question. Then we ﬁt a Gaussian to the new probability
distribution to get the corrected logarithmic distance and the corrected log-
arithmic error. The corrected logarithmic distances and errors are shown in
Figs. 5.9 & 5.10, respectively.
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Figure 5.7: The fraction of the initial sample that is included in our ﬁnal TF
based distance sample for a given ﬂux bin.
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Figure 5.8: Quadratic function represent the completeness of our ﬁnal TF
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avoid the outliers.
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Figure 5.9: The distribution of the logarithmic distance ratio log(dz/d∗TF ) for
the median of the three wavebands J , H , and Ks after applying the Malmquist
bias correction.
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Figure 5.10: The distribution of the error of the logarithmic distance ratio
log(dz/d∗TF ) by combining all three wavebands J , H , and Ks after applying
the Malmquist bias correction.
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The distribution of the logarithmic distance ratio log(dz/d∗TF ) is almost
Gaussian in the range of log(dz/d∗TF ) from −0.4 to +0.4 with the peak centered
at log(dz/d∗TF ) = 0.1. The 2MTF distribution is very similar to our results,
but the peak of their Gaussian is at log(dz/d∗TF ) = 0.0. We interpret this
shift in the peak as more positive peculiar velocities in our sample than the
2MTF sample. The errors of the logarithmic distance ratios in our sample is
smaller than the 2MTF sample because of the new IRSF NIR observations,
which are 2 mag deeper than 2MASS in the Ks-band and use more resolved
IRSF images with a pixel scale of 0.45 arcsec pixel−1 compared to 2.0 arcsec
pixel−1 for 2MASS images.
In the next Sections, we will use these distances and peculiar velocities
to study the ﬂow ﬁeld in the ZOA and compare it with the predictions from
reconstruction models.
5.5 Large-Scale Structures in the ZOA
Redshift surveys are a great tool to learn about the large-scale structure of
galaxies and cosmography in the local Universe. They can be used to construct
the density ﬁeld from the 3-dimensional distribution of the galaxies. Most
of these surveys are carried out by using optical spectra such as Center of
Astrophysics redshift surveys CFA1 (de Lapparent et al. 1986), CFA2 (Huchra
et al. 1999), IRAS PSCz (Saunders et al. 2000), 2dF (Colless et al. 2001),
SDSS (Aihara et al. 2011), 6dFGS (Jones et al. 2009), and 2MRS (Huchra
et al. 2012). The main diﬃculty for these surveys at low Galactic latitudes is
the dust extinction and stellar density.
However, radio observations are not aﬀected by dust or stellar confusion.
We can use the H I 21-cm emission line for redshift surveys. The accuracy of
these redshifts from radio surveys are much better than the redshifts extracted
from optical surveys. The main limitation is that these radio surveys are
limited to spiral galaxies because early-type galaxies are gas-poor.
In the last few decades, a number of systematic H I 21-cm redshift surveys
have been carried out using large radio telescopes such as Parkes to carry out
HIPASS (Barnes et al. 2001) and HIZOA (Staveley-Smith et al. 2016) surveys,
Arecibo for ALFALFA (Giovanelli et al. 2005), and ALFAZOA (Henning et al.
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2017), and Westerbork for WSRT-ZoA (Ramatsoku et al. 2016).
These redshift surveys are extremely useful to learn about the large-scale
structures of galaxies in the nearby Universe and the density ﬁeld. However,
they can not diﬀerentiate the peculiar velocity of a galaxy from the total
observed velocity. Therefore, peculiar velocity surveys are needed to obtain the
velocity ﬁeld, such as 6dFGSv (Springob et al. 2014), and 2MTF (Springob
et al. 2016). Comparing the density ﬁeld derived from the redshift surveys
with the velocity ﬁeld derived from the peculiar velocity surveys allows us to
test the gravitational instability paradigm (Davis et al. 2011).
The peculiar velocity sample used in this thesis is based on the Parkes H I
Zone of Avoidance (HIZOA) survey. This H I survey consists of three compo-
nents, i.e. the main southern H I survey (HIZOA; Staveley-Smith et al. 2016),
the Northern Extension (NE; Donley et al. 2005) and the Galactic Bulge (GB;
Kraan-Korteweg et al. 2008). Staveley-Smith et al. (2016) combine these three
surveys and discuss the most prominent LSS in connection to the features that
cross the ZOA, such as the Puppis ﬁlament, the Great Attractor, and the Lo-
cal Void. We will highlight these three structures and their importance to the
dynamic cosmic web in the next subsections.
5.5.1 Puppis Region
We ﬁrst describe the Puppis region, which is a crowded region and contains
three main components, the Puppis 1 group, Puppis 2 cluster, and Puppis
ﬁlament. Figure 5.11 shows a redshift wedge of the Puppis region (Staveley-
Smith et al. 2016). In Fig. 5.11, we can see that Puppis region extend from
vLG ∼ 700 to vLG ∼ 4000 km s−1 and from l ∼ 230◦ to l ∼ 260◦. The nearby
Puppis group is called Puppis 1 (marked with the red circle) is at vLG ∼ 700
and l ∼ 245◦. The main Puppis cluster, called Puppis 2 (marked also with
red circle), is at a slightly higher redshift of vLG ∼ 1400 km s−1 and almost
the same longitude of l ∼ 245◦. The third component of the Puppis region is
called Puppis ﬁlament and extend from vLG ∼ 1500 to vLG ∼ 3500. At 7000
km s−1 (not shown in the above ﬁgure) is the Puppis 3 cluster which is also
prominent, and ﬁrst described in Chamaraux & Masnou (2004).
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Figure 5.11: Redshift wedge of the Puppis region. The image is taken from
Staveley-Smith et al. (2016)
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Figure 5.12: Redshift wedge of the Great Attractor region. The image is taken
from Staveley-Smith et al. (2016)
5.5.2 Great Attractor Region
The second structure in the HIZOA survey (Staveley-Smith et al. 2016) is
the Great Attractor Wall crossing. This region dominates both the HIZOA
redshift survey and the peculiar velocity sample used in this thesis (see Fig.
3.2). Figure 5.12 presents the redshift wedge of the Great Attractor region
(Staveley-Smith et al. 2016). It shows that the Great Attractor region extends
from vLG ∼ 1500 to vLG ∼ 7500 km s−1 and from l ∼ 270◦ to l ∼ 330◦. This
ﬁgure also shows the Norma Wall extension towards Vela near l ∼ 270◦.
5.5.3 Local Void
The third large-scale structure is the Local Void. The LV extends from l ∼ 330◦
to l ∼ 45◦ and spreads over a volume out to vLG . 6000 (Tully & Fisher 1987,
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Donley et al. 2005, Kraan-Korteweg et al. 2008). The southern part of the
LV lies within the main HIZOA survey (Staveley-Smith et al. 2016), whereas
the northern part of is covered by the northern extension (Donley et al. 2005).
The Galactic bulge extension is conducted because the LV stretches to Galactic
latitude of about ±40◦ (Kraan-Korteweg et al. 2008; Kraan-Korteweg et al. in
prep.). This will improve our knowledge of the LV and of the Sagittarius Void
(Fairall 1998) at l ∼ 350◦, b ∼ 0◦, and cz ∼ 4500 km s−1, and the Ophiuchus
Cluster (Hasegawa et al. 2000) at l ∼ 0◦, b ∼ 9◦, and cz ∼ 9000 km s−1.
5.6 Velocity Field in the ZoA
Following the description of the three main structures that dominate the south-
ern ZOA. We will now explore the velocity ﬁeld in and around these three LSS.
Figure 5.13 shows the distribution of our ZOA TF sample in Galactic co-
ordinates which is about 33% of the total HIZOA galaxy sample. Each dot
in the top-panel represents a galaxy colour-coded by its redshift cz in km s−1
units. Galaxies in the bottom panel are colour-coded by its logarithmic dis-
tance ratio log(dz/d∗TF ). The top-panel also shows the approximate positions
and velocities of Puppis, GA, and LV as white rectangles. In the next sub-
sections, we will discuss the motion of galaxies inside and around each one of
these large-scale structure features separately.
5.6.1 Puppis Region
The Puppis region extends from l ∼ 230◦ to l ∼ 260◦ and contains galaxies with
radial velocity up to cz ≤ 4000 km s−1. The bottom panel of Fig. 5.13 shows
that galaxies in the Puppis region are having a combination of both negative
and positive peculiar velocities. Most of the darkblue dots (≤ 3000 km s−1)
in the top panel have weak negative peculiar velocities in the bottom-panel.
However, most of the lightblue to red dots (≥ 3000 km s−1), further away,
have positive peculiar velocities. This may be an indication of outﬂow from
the Puppis region and will be investigated further using a smoothed version of
the velocity ﬁeld.
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Figure 5.13: Distribution of our ZOA TF galaxies in Galactic latitude (l) and longitude (b). Galaxies are colour-coded by redshift cz in
the top panel and by the logarithmic distance ratio log(dz/d∗TF ) in the bottom panel. The approximate positions of Puppis, GA, and LV
are marked with white rectangles.
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5.6.2 Great Attractor Region
The Great Attractor region spreads over large area from l ∼ 270◦ to l ∼ 330◦
and expands to redshifts of cz ≤ 7500 km s−1. Galaxies in the GA region
dominate our ZOA peculiar velocity sample. Almost all galaxies on the nearby
side of the GA (blue galaxies in the top panel) have positive peculiar velocities
(see bottom panel). This is a clear indication of infall into the GA region.
This infall was previously seen by several authors and led to the discovery of
the GA itself (Lynden-Bell et al. 1988). Galaxies on the far side of the GA
(red galaxies in the top panel) have either zero or very weak negative peculiar
velocities (see the concentration at l = 300◦ and b = 4◦). This an indication
of the back side boundary of the GA region.
5.6.3 Local Void
The Local Void ranges from l ∼ 330◦ to l ∼ 45◦ over a range of redshift
of cz ≤ 6000. Most of the galaxies in the bottom-panel in this region are
colour-coded with either white or lightblue. This implies that they have either
zero or very weak negative peculiar velocities, i.e. a slow outﬂow of Local
Void galaxies. This result conﬁrms the draining of the Local Void by Rizzi
et al. (2017) which uses the luminosity of stars at the tip of the red giant to
determine the distances of two galaxies in the LV. They found that these two
galaxies are moving away from the center of the LV which is in line with our
result.
5.7 Smoothed Flow Field in the ZOA
For the discussion in this section, we transform the Galactic longitude and lati-
tude (l, b) and redshift to the Super Galactic Cartesian coordinates (SGX, SGY, SGZ)
as deﬁned in de Vaucouleurs et al. (1976) and Tully (1988). The main reason
for working in this coordinate system is that it allows a comparison of our
results the 2MTF observations (Springob et al. 2016), 2MRS (Erdogˇdu et al.
2006b), and PSCz (Branchini et al. 1999) reconstructions. Table 5.2 lists the
most notable large-scale structures in/near our sample. We used the approxi-
mate center of each LSS to calculate their supergalactic Cartesian coordinates
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Table 5.2: The approximate coordinates of the most notable large-scale struc-
tures in/near our sample
Name l b cz SGX SGY SGZ
◦ ◦ (km s−1) h−1 Mpc h−1 Mpc h−1 Mpc
Hydra cluster 270 26 3500 −28 23 −28
Puppis region 245 0 2500 −10 3 −31
Norma cluster 325 −7 4707 −61 −9 8
(SGX, SGY, SGZ).
We divide our sample into three slices of SGZ to distinguish between the
motion of galaxies around the three structures in the southern ZOA. Figures
5.14, 5.15, and 5.16 present the velocity ﬁeld in slices of SGZ < −20h−1 Mpc,
−20 < SGZ < 20h−1 Mpc, and SGZ > 20h−1 Mpc, respectively. In all three
ﬁgures the velocity ﬁeld is given in logarithmic distance ratios unit log(dz/d∗TF ).
Red represents positive peculiar velocity and blue represents negative peculiar
velocity. These ﬁgures display the velocity ﬁeld smoothed with a Gaussian
kernel of radius 4 h−1 Mpc as in Carrick et al. (2015) and Springob et al.
(2016), in the logarithmic distance ratios unit log(dz/d∗TF ).
The top panel of Fig. 5.14 shows the amplitude of the velocity ﬁeld where
the colour-bar on the right-hand side indicates the scale of the peculiar velocity.
The bottom panel is a duplication of the top panel with a shallower colour for
easier display of the most prominent LSS. Figure 5.14 displays clear indication
of positive peculiar velocity towards negative SGX and positive SGY hence
in the direction of the Hydra cluster (see the red arrow). In contrast, we see
a lot of negative peculiar velocities in the Puppis region as indicated in the
bottom panel by the blue arrow.
Figure 5.15 shows the velocity ﬁeld in the −20 < SGZ < 20h−1 Mpc slice
which contains the Norma cluster, the richest cluster in the Great Attractor
region. Very strong infall towards negative SGX and SGY is observed, thus
in the direction of Norma (see bottom panel). This infall does not stop at
Norma but continues in the same direction towards negative SGX and SGY
and maybe an indication of a much bigger attractor further away as shown
in Figure 5.15 and also Figure 5.13. On the positive side of the SGY plane
we see more negative peculiar velocities, suggestive of a back-side infall from
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Figure 5.14: The velocity ﬁeld (smoothed with a Gaussian kernel of radius 4
h−1 Mpc) in units of logarithmic distance ratio log(dz/d∗TF ) of galaxies in the
SGZ < −20h−1 Mpc slice. Red represents positive peculiar velocity, whereas
blue represents negative peculiar velocity. There is a clear indication of positive
peculiar velocity towards the direction of the Hydra cluster. There are a lot
of negative peculiar velocities in the Puppis region, which is an indication of
an outﬂow. Note the diﬀerent ranges for x-axis and y-axis, this is because we
survey only the ZOA. See also Figure 5.17 for a better visualization.
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the far side of the GA on the positive side of the Galactic Plane. This is also
clearly seen in Fig. 5.13. Galaxies with the highest redshift in the GA region
(see top panel above the GP) have negative peculiar velocities in the bottom
panel.
Figure 5.16 shows the velocity ﬁeld in the SGZ > 20h−1 Mpc slice. In this
slice we see strong positive peculiar velocities in all directions but no negative
peculiar velocities.
Although our survey covers a small area, we can compare the resulting ZOA
ﬂow ﬁeld with other velocity ﬁeld observations and reconstructions. Figure 4
by Springob et al. (2016) (reproduced here as the bottom panels of Fig. 5.17)
combined the velocity ﬁeld as derived by 2MTF (Hong et al. 2014), the 2MASS
Redshift Survey (2MRS; Erdogˇdu et al. 2006b), and the IRAS Point Source
Catalog Redshift Survey (PSCz; Branchini et al. 1999) in three slices of SGZ
similar to Figs. 5.14, 5.15, and 5.16. For direct comparison, we reproduced
the ZOA slices using the exact same scale used by Springob et al. (2016) and
added them at the top of of their ﬁgure.
The left-hand slice (Fig. 5.17; SGZ < −20h−1 Mpc) agrees with the 2MTF
observations which is the second panel of Fig. 5.17. It does not agree with
either the 2MRS or PSCs reconstructions. In the middle slice (Fig. 5.17;
−20 < SGZ < 20h−1 Mpc), the results of the ZOA, 2MTF observations,
2MRS, and PSCz reconstructions all agree on the infall towards Norma. The
back-side infall into the GA is only identiﬁed in this work. In the right-hand
slice (Fig. 5.17; SGZ > 20h−1 Mpc), our ﬂows agree with the 2MTF ob-
servations, 2MRS, and PSCz reconstructions only at SGX < −50h−1 Mpc.
However, there are clear disagreements at the center of the SGX−SGY plane
with the three of them. This disagreement is because these three studies do
not have any data in the ZOA. The 2MRS and PSCz reconstructions used
some extrapolation to ﬁll in the ZOA.
The ZOA ﬂow ﬁelds support the notion that extrapolations across the ZOA
are not suﬃcient in acquiring a reliable map of the mass density distribution
hidden behind the Milky Way.
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Figure 5.15: The velocity ﬁeld in the logarithmic distance ratios unit
log(dz/d∗TF ) of galaxies in the 20 < SGZ < −20h−1 Mpc slice. Smoothing,
and colours are the same as in Fig. 5.14. There is a strong positive peculiar
velocities toward the direction of the Norma cluster and beyond. Also there
is a back side infall from the far side of the GA. Note the diﬀerent ranges for
x-axis and y-axis, this is because we survey only the ZOA. See also Figure 5.17
for a better visualization.
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Figure 5.16: The velocity ﬁeld in the logarithmic distance ratios unit
log(dz/d∗TF ) of galaxies in the SGZ > 20h
−1 Mpc slice. Smoothing, and colours
are the same as in Fig. 5.14. Strong positive peculiar velocities in all direction
are shown. Note the diﬀerent ranges for x-axis and y-axis, this is because we
survey only the ZOA. See also Figure 5.17 for a better visualization.
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Figure 5.17: The velocity ﬁeld as derived by this thesis, 2MTF, 2MRS, and
PSCz in three slices of SGZ. The bottom panel is taken from Springob et al.
(2016).
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5.8 Summary
In this Chapter we measured the distances and peculiar velocities of inclined
spiral galaxies hidden behind our own Milky Way. We reviewed the calibrated
Tully-Fisher relations in the J , H , and Ks bands. Then we presented our
method on how to prepare and correct the raw data to be used in the calcu-
lation of the distances and peculiar velocities in the Zone of Avoidance. In
the process of calculating the TF based distances and peculiar velocities we
choose to work with the logarithmic distance ratio instead of the linear peculiar
velocities because the distance errors are log-normal. We also worked with red-
shift space rather than real space to avoid the inhomogeneous Malmquist bias.
However, to correct for the homogeneous Malmquist bias we constructed H I
mass function using both 1/Vmax and the two-dimensional stepwise maximum
likelihood methods. All galaxies in the HIZOA survey that meet our selection
criteria (N = 873 galaxies) are included in the derivation of this H I mass
function. The ﬁnal parameters of the H I mass function are α = −1.30± 0.05,
log(M∗HI/M⊙) = 9.97±0.04, and φ∗ = (5.2±0.8)×10−3 Mpc−3. Comparisons
of these parameters with values from the literature were performed. We found
that the faint-end slope derived here agrees, within the uncertainty, with both
HIPASS BGC and ALFALFA. However, the knee of the H I mass function de-
rived here agrees with the ALFALFA H I mass function better than with the
HIPASS H I mass function. We also derived the completeness as the fraction
of the initial sample included into our ﬁnal sample for a given ﬂux bin. We
corrected the logarithmic distance ratios log(dz/d∗TF ) for Malmquist bias using
both the HIZOA H I mass function and the completeness function. Comparing
the distribution of the logarithmic distance ratio log(dz/d∗TF ) of our sample
with the 2MTF sample shows that we have more positive peculiar velocities
in our sample than the 2MTF. The associated uncertainties are smaller than
2MTF due to the deeper and more resolved IRSF NIR images compared to
the 2MASS.
We used these corrected logarithmic distance ratios to describe the velocity
ﬁeld in and around the three prominent LSS features in the southern ZOA.
We ﬁrst showed the position and the extent of these three LSS features as
in the HIZOA redshift surveys. We then described the peculiar velocities in
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and around these three features.
In the Puppis region, we see a combination of both negative and positive
peculiar velocities. Galaxies of the nearby side of this region tend to have
negative peculiar velocities, whereas galaxies on the far side of the Puppis
region mostly have positive peculiar velocities. This is an indication that
galaxies are moving away from the center of the Puppis region.
There is a strong infall towards the Great Attractor. Most of the galaxies
have positive peculiar velocities. Few galaxies at the very far end of the GA
velocity range (cz ∼ 7500) have zero or weak negative peculiar velocities. This
may indicate the far back-side boundary of the GA region.
Most of the galaxies in the LV have zero or negative peculiar velocities,
which implies that the LV is either expanding or draining. This result conﬁrms
the recent result by Rizzi et al. (2017) which shows that two galaxies are moving
away from the center of the LV.
We also derived the velocity ﬁeld in slices of the Super Galactic Cartesian
coordinates SGZ to compare our results with Springob et al. (2014; 2016)
who use that same coordinates system. In each slice of SGZ we tested the
motion of galaxies around the approximate positions of features of large scale
structures.
We found clear positive peculiar velocities toward the direction of Hydra
cluster. We also found strong positive peculiar velocities toward the direction
of the Norma cluster, while the galaxies in the Puppis region have negative
peculiar velocities.
We compared our velocity ﬁeld to the 2MTF observations (Hong et al.
2014, Springob et al. 2016), and the 2MRS (Erdogˇdu et al. 2006b) and the
PSCz (Branchini et al. 1999) reconstructions. The velocity ﬁeld derived in
this thesis agrees, at low redshift, with the 2MTF observations but disagrees
with both the 2MRS, and the PSCz reconstructions. However, all four velocity
ﬁelds agree on the observed infall into the Norma cluster. At high redshift,
our results disagree with 2MTF, 2MRS, and PSCz.
Chapter 6
Conclusion
6.1 Summary
This PhD thesis uses the NIR Tully-Fisher relation, H I 21-cm narrow-band
observations, and deep NIR imaging to explore the ﬂow ﬁeld in the southern
Zone of Avoidance. The galaxy sample we use is based on the blind systematic
deep Parkes H I Zone of Avoidance survey.
We used the isophotal instead of total magnitude to re-construct the Tully-
Fisher (TF) template relations using 888 spiral galaxies. This is the same
sample used by the 2MTF team to calibrate the total TF relation. We used
the isophotal and not total magnitudes because they can be measured easily
in the ZOA and they are more consistent between diﬀerent surveys than the
total magnitudes. The scatter of the isophotal and total TF relations are
almost identical for large and fast rotator galaxies. However, for dwarf and
slow rotator galaxies the scatter of the isophotal TF relation is smaller than
the total TF relations.
We showed that galaxies appear rounder with increasing obscuration level
using both real data and simulated images. To correct for this eﬀect, we
derived a model that can reproduce the actual axial ratio from the observed
one up to extinction level of AV ∼ 11 mag
We presented new H I proﬁles and velocity widths for a selected sample of
inclined spiral galaxies from the HIZOA. These galaxies deﬁne a sample for
use in determining the peculiar velocities using the near-infrared TF relation.
This was achieved by re-observing these galaxies using the narrow band on
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Parkes radio telescope to obtain better velocity resolution. The average signal-
to-noise ratio for this H I survey was 14.7 which is adequate for TF studies.
Five diﬀerent types of line-widths are presented to select the most robust
one. The Pearson’s sample correlation coeﬃcient was used to quantify the
correlation between all derived linewidths. Conversion equations between these
ﬁve linewidths were derived using a Bayesian mixture model to avoid any bias
toward the outliers and to allow combination of data from diﬀerent surveys.
We presented deep NIR (J , H , and Ks bands) images of all HIZOA de-
tections. Observations were conducted using the Japanese Infrared Survey
Facility (IRSF), a 1.4-m telescope situated at the South African Astronomi-
cal Observatory site in Sutherland and resulted in over a thousand galaxies.
The average Ks-band seeing, sky background, and isophotal magnitude errors
for the survey are 1.38 arcsec, 20.1 mag, and ∼ 0.02 mag, respectively. We
compared our results with counterparts from the 2MASX and UKIDSS GPS
surveys. We found good agreement between the Ks-band Ks20 ﬁducial ellip-
tical aperture magnitude presented in our catalogue and the same parameter
reported in the 2MASX catalogue. We detect only small deviations for both
faint galaxies (> 14 mag) and bright galaxies (< 9 mag). The deviation for
bright galaxies is due to the diﬀerence of the pixel scale between IRSF and
2MASX instruments. While the deviation for the faint galaxies is a bias due
to the completeness limit of 2MASX. We also found good agreement between
the Ks-band Ks20 ﬁducial elliptical aperture magnitudes measured from the
IRSF data and the same parameter measured from the UKIDSS GPS data.
This conﬁrms that the IRSF images are of equal quality to the UKIDSS GPS
images, which are one magnitude deeper.
We used these NIR and H I data with the recently calibrated TF relation
to derive distances and peculiar velocities for inclined spiral galaxies in the
southern ZOA. We chose to work with the redshift space instead of real space
to avoid having to correct for the inhomogeneous Malmquist bias. However,
to correct for the homogeneous Malmquist bias we constructed H I mass func-
tion using both 1/Vmax and the two-dimensional stepwise maximum likelihood
methods. All galaxies in the HIZOA survey that meet our selection criteria
are included in the derivation of this H I mass function. The ﬁnal parameters
of the H I mass function are α = −1.30 ± 0.05, log(M∗HI/M⊙) = 9.97 ± 0.04,
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and φ∗ = (5.2± 0.8)× 10−3 Mpc−3. Comparing these parameters with values
from the literature, we found that the faint end slope derived here agrees with
both HIPASS BGC and ALFALFA. However, the knee of the H I mass function
agrees with the ALFALFA results but not with the HIPASS results. We have
presented the compilation of TF based distances and peculiar velocities in the
southern ZOA after applying all corrections. We mapped the velocity ﬁeld to
describe the motion of galaxies around the major large-scale structures, and
the cosmography out to redshift z ∼ 0.03. We found a clear positive peculiar
velocities toward the direction of Hydra cluster and Shapley Supercluster. We
also found strong positive peculiar velocities toward the direction and beyond
Norma cluster. However, negative peculiar velocities were found in the Puppis
region. We compared our velocity ﬁeld to the 2MTF observations, 2MRS, and
PSCz reconstructions.
These distances and peculiar velocities will be used in the future with the
data from the northern ZOA and data from the 2MASS Tully-Fisher survey
to provide the ﬁrst all sky TF based distances and peculiar velocities survey.
6.2 Future work
6.2.1 All-sky peculiar velocity survey, 2MTF+
In this thesis, we showed the feasibility to extend the peculiar velocity analysis
and provide the ﬁrst ever truly all-sky peculiar velocity survey by:
1. Constructing TF template relation that works in and out of the ZOA
(Said et al. 2015)
2. Derive transformation relations between ﬁve types of line-widths to in-
clude H I observations from diﬀerent surveys without applying any cor-
rections (Said et al. 2016)
3. Build a reduction pipeline for NIR observations, both IRSF and UKIDSS
data (Said et al. 2016)
We will make this NIR reduction pipe-line more general to include the
two ESO public surveys, VISTA Variables in the Via Lactea (VVV) and
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VISTA Hemisphere Survey (VHS) to derive the most accurate photometry
to all bright-inclined galaxies with H I detection in the southern hemisphere.
In the northern hemisphere, we will use UKIDSS data.
In 2009, Prof. Kraan-Korteweg and collaborators started an observing pro-
gramme to obtain H I redshifts for all bright galaxies in the 2MASS Extended
Source Catalog (2MASX; Jarrett et al. 2000) with Kos < 11.25 mag in the ZoA
(|b| < 10◦) which do not have any previous redshift determinations (van Driel
et al. 2009). A new collaboration led by Prof. Kraan-Korteweg started last
year to obtain deeper and higher velocity-resolution H I data. These narrow-
band observations started this year using the Nançay Radio Telescope, France.
The next step is to extend this work by combining it with the 2MTF survey
and provide the ﬁrst ever truly all-sky peculiar velocity survey. We will use
this survey to compare the dipole of the CMB which is a Doppler eﬀect due
to the Sun’s motion (Hinshaw et al. 2009, Planck Collaboration et al. 2014b)
with the LG peculiar velocity induced from our sample. Such analysis used to
be limited due to the lack of observations in the ZoA (Loeb & Narayan 2008).
6.2.2 WISE Tully-Fisher relation
We would like to beneﬁt from the large sample used to derive the TF template
relation in Said et al. (2015) to re-calibrate the TF template relation using the
far IR WISE W1 and W2 bands. Deriving WISE W1 and W2 TF templates
in a way consistent with the NIR J , H , and Ks bands TF templates would
provide a unique ﬁve bands TF relations. These relations will be used to
understand the physical sources of this scatter in the TF relation.
Such a study will help us understand the models of galaxy formation be-
cause, while WISE is more sensitive to star forming regions, NIR is more
sensitive to the old stellar population: i.e. through NIR we see the galaxy in
the present and through WISE we see it in the future. This will also explain
the systematic deviation of small dwarf galaxies from the TF relation (e.g.,
Are these dwarf galaxies a result of a diﬀerent formation mechanism? Or are
they just smaller versions of large galaxies?)
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6.2.3 Environmental dependence of the H I Mass Func-
tion
Part of of this thesis is to deal with the Malmquist bias which is a consequence
of two eﬀects: (1) volume eﬀect and (2) selection eﬀect. To correct for these
eﬀects, one should use either luminosity function or H I mass function, depend-
ing on the parent survey. In this thesis we use the H I mass function because
our sample is derived from the HIZOA survey (Staveley-Smith et al. 2016). We
derived the H I mass function for all galaxies in the H I survey with both 1/Vmax
and the two-dimensional stepwise maximum likelihood (2DSWML) methods.
During this process we came a cross the question of the dependence of the H I
mass function on the environmental density. For example, Zwaan et al. (2005)
used the HIPASS catalogue (Meyer et al. 2004) to test whether the shape of
the H I mass function depends on local galaxy density. They found that the
slope of the H I mass function becomes steeper toward higher density regions.
In contrast, Jones et al. (2016) used a much larger sample from the ALFALFA
70% catalogue (Giovanelli et al. 2005, Haynes et al. 2011) and found the exact
opposite result. They found no signiﬁcant change in the slope but instead they
found that the knee of the H I mass function to be dependent on environment.
To address this question we would like to derive the H I mass function for
speciﬁc regions like GA or Local Void and compare, which is our next step by
using the HIZOA survey (Staveley-Smith et al. 2016).
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